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INTRODUCTION 

~ 

The NACA-University Conference w a s  held to acquaint univers i ty  
I 

I 

In 

personnel  with r ecen t  developments i n  aeronaut ical  r e s e a r c h .  

Wherever  possible ,  each paper reviews the  s ta tus  of the fieid under 

considerat ion,  points out r ecen t  significant hdvances, and stiggests 

promising avenues fo r  fu ture  r e sea rch .  
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The pape r s  presented are considered to  supplement,  r a t h e r  than 

subst i tute  f o r ,  the r e p o r t s  in  which the NACA cus tomar i ly  r e l e a s e s  its 

work. Information vegarding the NACA's regular  r e p o r t s  m a y  be 

I obtained f r o m  the Division of Resea rch  Informatioil,  NACA, 1512 

H S t r e e t  N. W.,  Washington 2.5, D. C. 

This  volume (Volume I of th ree )  contains the pape r s  presented a t  

the conference tha t  dea l  with a i r c r a f t  s t ruc tu res  and m a t e r i a l s .  

Volume I1 of the s e r i e s  contains t.he papers  on aerodynamics ,  and 

Voiume 111 contains  the pape r s  on a i r c r a f t  propulsion. 
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1. SOME APPLICATIONS OF GEXEWUZED HARMONIC ANALYSIS 

TO PROBUMS I N  AIRPLANE DYNAMICS 

By Harry Press, John C.  Houbolt, and Franklin W. Diederich 
Langley Aeronautical Laboratory 

INTRODUCTION 

Many aeronaut ical  problems are concerned w i t h  the  response of an 
a i r c r a f t  t o  an e r r a t i c  o r  random disturbance. The randomness i n  the  
disturbance introduces conplications i n  the  analysis  of such problems 
and necess i ta tes  the  use of special ized s t a t i s t i c a l  techniques. The 
recent development of t he  theory of random processes and pa r t i cu la r ly  
t h e  development of the techniques of generalized karmonic analysis  have 
provided methods su i t ab le  f o r  the analysis of many of these problems. 
The basic  mathematical developments have been evolved la rge ly  by Norbert 
Wiener ( r e f .  1). The e a r l i e s t  applications of these techniques appear 
t o  have been made i n  communications engineering. Recently, Clementson 
and Liepmann have pioneered their application t o  aeronaut ical  problems 
( r e f s .  2 and 3, respect ively) .  
increasing usefulness i n  aeronautics, it appears appropriate t o  present 
a paper out l in ing  some of the  fundamental elements of these techniques 
and reviewing some of the  r e s u l t s  obtained at the  NACA in t h e i r  appl i -  
cat ions t o  gust load and runway roughness problems. 
t o  be presented have recent ly  been published i n  references 4 t o  8; 

Inasmuch as these techniques should f ind  

Some of the  results 

I others  are new. 

Figure 1 shows some typ ica l  random-type disturbances that occur i n  
aeronaut ical  problems. The f i r s t  sketch represents  an a i rp lane  encoun- 
t e r i n g  rough air, where the curve represents t he  var ia t ions  i n  v e r t i c a l  
gust veloci ty .  The second sketch represents a buf fe t ing  wing, where the  
curve shows t h e  l i f t  f luctuat ions.  The last sketch represents t ax i ing  
over a rough runmy. The runway height var ia t ions have, of course, been 
exaggerated f o r  i l l u s t r a t i v e  purposes. I n  all cases, the  disturbances 
are e r r a t i c  or random and cannot be defined i n  exp l i c i t  form. However, 
i n  order t o  determine the airplane response, a mathematical representa- 
t i o n  and a technique f o r  performing response calculat ions f o r  such dis- 
turbances a r e  needed. The technique of generalized harmonic analysis 
appears s u i t e d  f o r  these purposes and, as a background f o r  the  applica- 
t i ons  t o  be described, the  f i r s t  pa r t  of the  paper w i l l  b r i e f l y  review 
four  of t h e  fundamental aspects of this approach. These aspects cover 
t h e  representat ion of a random function by means of a power spectrum and 
t h e  use of the  spectrum f o r  response calculat ions.  
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FUNDAMENTAL ASPECTS OF GENERALIZED HARMONIC ANALYSIS 

Representation of random disturbance. - The first aspect of t he  
theory t o  be considered is  t h a t  of t he  ana ly t ica l  representation of a 
random disturbance, and is  covered on the  l e f t  half  of f i gu re  2. A 
typical  random disturbance y ( t )  i s  shown on the  top of t h e  f igure .  
conventional approach t o  the  analysis of e r r a t i c  functions, such as 
y ( t ) ,  is t o  obtain a frequency representation by 
ser ies  or Fourier in tegra ls .  However, since these random disturbances 
are aperiodic and do not subside i n  time, conventional Fourier techniques 
cannot be used. Instead, a,frequency representation may be obtained in 
some cases i n  the  following manner: 
a l l  measure of disturbance in t ens i ty  is  given by the mean square value 

y2 ( t ) .  
By considering the  contributions t o  t h i s  power of t h e  various frequen- 
c i e s  present i n  the disturbance y ( t ) ,  one a r r ives  at  the  concept of a 
density function. The power spec t r a l  density function +(a) is  i l l u s -  
t r a t ed  by t h e  sketch, and describes the  contributions t o  the  t o t a l  power 
of the sinusoidal components of t he  disturbance at  the  various frequen- 
c i e s .  It follows from t h i s  def in i t ion  t h a t  t he  t o t a l  area under t h e  
spectral  curve equals t he  power. 

The 

making use of Fourier 

For the  disturbance y ( t ) ,  an over- 

This quantity usually e x i s t s  and has been termed t h e  "power." 

The mathematical expression f o r  t he  power spectrum @(u) i s  shown 
on the lower pa r t  of the  figure and is  given by 

where t h e  bars designate the  absolute value of t he  complex quantity.  
is of i n t e re s t  t o  note t h a t  t h i s  integral ,  which is  t h e  Fourier  transform 
of 
pression does exist in many cases of i n t e r e s t .  I n  pa r t i cu la r ,  it e x i s t s  
f o r  so-called s ta t ionary  disturbances; t h a t  is, disturbances whose Stat- 
i s t i c a l  charac te r i s t ics  do not change with time. 

It 

y ( t ) ,  does not ex i s t  in the  l i m i t ,  but t he  l i m i t  f o r  t h e  e n t i r e  ex- 

Input-output re la t ions .  - The second aspect of t he  theory t o  be 
considered is  the  r e l a t ion  between a disturbance spectrum and the  spec- 
trum of asystem response t o  t h i s  disturbance. For l i n e a r  systems, 
these spectra  a r e  re la ted  i n  a simple manner, and t h e  r e l a t i o n  as shown 
on the upper r igh t  side of f igure  2 is 

1.n t h i s  r e l a t ion  @i and G o  are, respectively,  t h e  spec t ra  of t h e  
disturbance input and the  system response. The quant i ty  T(u)  is t h e  
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amplitude of the  system frequency-response function and describes the  
amplitude of the system response t o  un i t  s inusoidal  disturbances a t  the 
various frequencies. The output spectrum is seen from the equation t o  
be given by the  simple product of the  input spectrum and the  square of 
t h e  amplitude of the  frequency-response function. 

The appl icat ion of t h i s  r e l a t ion  f o r  t he  gust load case is schemat- 
i c a l l y  i l l u s t r a t e d  by the sketches shown i n  f igure  2. 
shows a representat ive spectrum of t h e  ve r t i ca l  c q o n e n t  of atmospheric 
turbulence. 
later. The second curve is the amplitude squared of the a i rp lane  
frequency-response function w i t h  the  curve shown typ ica l  f o r  the  normal 
accelerat ion response a t  t he  center of gravity f o r  s inusoidal  gusts a t  

as peaks, such as the  free-body and the fundamental wing-bending mode 
shown. The output spectrum is obtained by the  use of t he  r e l a t ion  shown 
and is the  product of the  f irst  two functions. The result obtained is 
shown on the  bottom curve and is, i n  t h i s  case, t he  spectrum of normal 
accelerat ion.  

The upper curve 

Available information on t h i s  spectrum w i l l  be considered 
I 
~ 

I the  various frequencies. Airplane modes i n  t h i s  representation show up 

Relations between spectrwn and time-history charac te r i s t ics .  - I n  
addi t ion t o  the  spectrum i t s e l f ,  other s t a t i s t i c a l  cha rac t e r i s t i c s  of 
t he  response are also generally of i n t e re s t .  
comprehensive survey of these re la t ions  between the  spectrum and some 
of the other  s t a t i s t i c a l  cha rac t e r i s t i c s  of the  response of i n t e re s t .  
T h i s  is  the  th i rd  aspect of the theory t o  be considered and is covered 
on the  l e f t  half of f igure  3. Item (a) indicates the general  r e l a t i o n  
previously mentioned; namely, that the area under the spectrum is equal 
t o  the  mean square value. 
which i s  usual ly  the  case, the  mean square value provides a useful  over- 
all measure of t he  response in tens i ty .  It i s  a l s o  possible t o  derive 
o ther  usefu l  s t a t i s t i c a l  cha rac t e r i s t i c s  of t he  time h is tory  d i r e c t l y  
from the  spectrum. I n  the  pa r t i cu la r  case of a Gaussian disturbance, 
the  s t a t i s t i c a l  charac te r i s t ics  are completely defined by the spectrum. 
Some of the quant i t ies  that can be determined readi ly  f o r  t h i s  case are 
l i s t e d .  
of y and describes the  proportion of t o t a l  t i m e  that y has given 
values. A s  can be seen, the  probabi l i ty  d i s t r ibu t ion  is t h e  normal o r  
Gaussian d i s t r ibu t ion  and depends only on 
which is obtained from the  area under the  spectrum. 
that the expected maximum value of 
tu iile r-uui metin square w i u e .  Eelations *have ais0 been aerived i n  
reference 9 f o r  t he  Gaussian case between the  spectrum and such quan- 
t i t i e s  as t h e  number of times per  second a given value of y, f o r  example 
yl, is  crossed with pos i t ive  slope ( i t e m  (d ) ) ,  marked by the crosses, and 
t h e  number of peaks per  second ( i t e m  (e)), marked by the  c i r c l e s ,  that 
exceed th i s  value yl. These re la t ions  have been pa r t i cu la r ly  usefu l  
f o r  f a t igue  s tudies .  

Reference 9 provides a 

If the  disturbance has a zero mean value, 

I t e m  (b) shows the  probabi l i ty  d i s t r ibu t ion  of t he  amplitude 

(I, t he  root mean  square value, 
I t e m  ( c )  designates 

y f o r  a given time is proportional 
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Estimation of spectra  from experimental data .  - The f i n a l  aspect of 
t h e  theory is concerned with the  p rac t i ca l  problem of estimating spec t ra  
from experimental time-history data. 
trum estimation has only recently been achieved ( r e f .  10) and has con- 
t r ibu ted  s igni f icant ly  t o  t h e  p r a c t i c a l i t y  of t h i s  approach. 
lems involved are  as follows: It w i l l  be reca l led  t h a t  t he  mathematical 
def ini t ions of the  power spectrum involve i n f i n i t e  in tegra ls .  
mental determinations, however, must of necessity be based on f i n i t e  
lengths of record, and because of t h i s ,  a degree of approximation is 
immediately introduced. I n  addition, numerical evaluations are generally 
r e s t r i c t ed  t o  values at d i sc re t e  in te rva ls  of time. The problems in t ro-  
duced by these f i n i t e  approximations are not t r i v i a l  and some of them 
have apparently not been appreciated u n t i l  recent years.  

A solut ion t o  t h i s  problem of spec- 

The prob- 

E x p e r i -  

Two fundamental problems a r e  introduced by the  f i n i t e  approximations 
and, as indicated on the  r igh t  half of f igure  3 ,  concern t h e  frequency 
resolution and s t a t i s t i c a l  r e l i a b i l i t y  of the  estimates.  
resolution problems arise since it takes a f i n i t e  record length t o  dis- 
criminate between two sinusoidal components of a disturbance whose fre- 
quencies a r e  c lose t o  each other; t he  c loser  the frequencies, t he  longer 
the record length required f o r  discrjmination. A s  a consequence, esti-  
mates f r o m  f i n i t e  samples a r e  at  best averages of the  power over a f i n i t e  
frequency range, as shown by the  sketch i n  the f igure .  

Frequency 

The problem of the  s t a t i s t i c a l  r e l i a b i l i t y  of power estimates a l s o  
a r i s e s  from the  f i n i t e  length of record s ince any two sect ions of record, 
l i k e  two s e r i e s  of coin tosses ,  w i l l  generally not y i e ld  iden t i ca l  re- 
su l t s .  The s t a t i s t i c a l  r e l i a b i l i t y  of the estimates must therefore  be 
established i n  order t o  permit t he  discrimination between a c t u a l  and 
s t a t i s t i c a l  f luctuat ions.  

Results obtained in reference 10 permit the  estimation of the  aver- 
age power over band widths, as shown by the sketch on the  lower right of 
f igure 3 .  They a l so  permit the determination of t h e  r e l i a b i l i t y  of such 
measurements in terms of confidence bands, as indicated by the  v e r t i c a l  
l i n e  on the  sketch. The width of these frequency bands can be var ied i n  
t h e  calculation procedure. The w i d t h  of t h e  confidence bands can be 
shown t o  depend upon th i s  frequency band w i d t h  and the  record length; 
t h e  wider the  frequency band, the  grea te r  the r e l i a b i l i t y ;  also,  t he  
longer t h e  record length, the grea te r  t h e  r e l i a b i l i t y .  Thus, it i s  pos- 
s ib l e  t o  t a i l o r  the calculat ions t o  achieve t h e  best combination of fre- 
quency resolution and s t a t i s t i c a l  r e l i a b i l i t y  f o r  a given problem. 

The foregoing discussion has b r i e f l y  out l ined  t h e  general  aspects 
involved i n  the applications of the techniques of generalized harmonic 
analysis .  
results obtained i n  applications of t he  foregoing theory.  

The remainder of t h i s  a r t i c l e  w i l l  be concerned with some 
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APPLICATIONS 

Spectra of atmospheric turbulence. - The first appl icat ion concerns 
some s tudies  of t he  spectrum of atmospheric turbulence, and t he  r e s u l t s  
obtained from various sources a r e  summarized i n  figure 4. The f i r s t  of 
these measurements was made by Clementson (ref. 2)  and subsequent measure- 
m n t s  were  made by the  Douglas Aircraf t  Company (ref. 111, and the  NACA 
(ref. 6) .  
obtained i n  flight tests under d i f fe ren t  weather conditions.  The ordi-  
nate  is t h e  power density,  t he  abscissa is the  frequency 52 i n  radians 
per foot  and is  equal t o  2s divided by t h e  gust wavelength. This f r e -  
quency argument is usefu l  i n  a i rplane gust s tud ies  because, insofar  as 
the  airplane is concerned, the turbulence i s  e s sen t i a l ly  a spac ia l  phe- 
nomenon. 
t o  3000 f e e t .  

The curves shown on figure 4 represent the  various spectra  

The data shown cover a range of gust wavelengths from about 10 

The spec t ra  i n  a l l  but one case a r e  f o r  the  v e r t i c a l  component of 
t he  turbulence. H ( the  square poin ts )  
the  spectrum is f o r  t he  horizontal  or  longitudinal component of t he  tur- 
bulence. The spectra  vary considerably in  height, r e f l ec t ing  the  var i -  
a t ions  in in t ens i ty  f o r  the various weather conditions. While the in- 
t e n s i t y  var ied considerably, t he  spec t ra l  shapes appear r e l a t i v e l y  con- 
s i s t e n t ;  i n  all cases the  power decreases rapidly with increasing fre- 
quency. I n  f ac t ,  in most cases, the spectra  appear inversely propor- 
VIVI-  vu vIIc; oq-c VI blltf I l t tquerrcy.  
in reasonable agreement with theo re t i ca l  results obtained f o r  the  spec- 
tral shape at  the  higher frequencies i n  the theory of i so t ropic  turbu- 
lence.  A t  the  l o w  frequencies, t he  spec t ra l  shape has as ye t  not been 
adequately establ ished because of t he  measurement d i f f i c u l t i e s  . 

I n  one case marked by the l e t t e r  

is +inna1 +- +I.- -....--- -n AT..- Tnis spec t r a i  si-iape of i/ii 2 

Because of t he  general  charac te r i s t ics  of these spectra ,  it has 
been convenient in theo re t i ca l  s tudies  t o  use the ana ly t i ca l  expression 
for t he  turbulence spectrum shown on figure 5. 
useful i n  wind-tunnel s tud ies  of turbulence and can be seen t o  have the  
general  cha rac t e r i s t i c s  of the measured spectra of atmospheric turbulence. - 
The equation has two parameters, the mean square gust veloci ty  U , which 
describes the  turbulence intensi ty ,  and the so-called sca l e  of turbulence 
L. The scale of turbulence L can, in a rough sense, be considered t o  
be proport ional  t o  the  average eddy s ize .  The curves i n  f igure  5 a r e  f o r  
a mean square gust ve loc i ty  equal t o  1 and for values of L = 200, 600, 
and 1000 feet. 
Ib2, but dlrrer i n  the  frequency at which t he  f l a t t e n i n g  out occurs. 
For l a rge  values of L, most of the power is at the  very l o w  frequencies. 
Comparison of these curves with these and other  measurements of the spec- 
trum of atmospheric turbulence have suggested that representat ive values 
of 
over a thousand f e e t ,  For s tud ies  of wind-tunnel turbulence, L may be 
expected t o  be much smaller, perhaps on the order of an inch. 

This expression has been 

2 

The curves at higher frequencies all approach a shape of 

L f o r  atmospheric turbulence a r e  perhaps severa l  hundred f e e t  t o  
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Effec ts  of short-period damping. - The next appl icat ion t o  be des- 
cribed concerns the  e f f ec t s  of a i rplane dynamic s t a b i l i t y ,  pa r t i cu la r ly  
t h e  e f fec ts  of low damping i n  short  period on airplane accelerat ions i n  
rough air. 
indicated that the  gust loads i n  continuous rough air  a r e  considerably 
amplified when the  short  period has low damping. Recently, some t e s t  
data  bearing on t h i s  problem have been obtained by the  NACA ( r e f .  5) .  A 
swept-wing t a i l l e s s  missi le  was  flown through rough a i r  at  low a l t i t u d e s  
and high speeds and the  r e s u l t s  indicated t h a t  a very subs t an t i a l  ampli-  
f i ca t ion  i n  gust loads was associated with low damping of t he  short  
period. 
6 .  Results a r e  shown f o r  three Mach numbers: 0.88, 0.91, and 0.95. 
Over t h i s  range of Mach numbers, the  short-period damping deter iorated 
sharply . 

Theoretical  s tud ies  based on spectrum analysis  ( r e f .  1 2 )  have 

Some of the r e s u l t s  obtained i n  t h i s  study a r e  shown i n  f igure  

Calculations of t he  expected spectra  of normal accelerat ion were 
made f o r  these three Mach numbers and a r e  shown i n  the  upper l e f t  of t he  
f igure.  These were obtained from calculated estimates of the  missi le  
normal accelerat ion frequency response function and estimates of the gust 
spectrum which were based on airplane survey f l i g h t s  over t h e  miss i le  
f i r i n g  range j u s t  p r i o r  t o  the  tests. The calculated spec t ra  show a 
progressive movement t o  higher frequency as the  airspeed increases,  d i -  
r ec t ly  r e f l ec t ing  the var ia t ions i n  the  short-period frequency. The 
spectra a re  a l so  progressively more peaked, r e f l ec t ing  the de te r iora t ion  
i n  the damping of the  short-period frequency. 
f o r  the three airspeed conditions as measured by the root mean square 
values a re  a l s o  given and show a r e l a t i v e l y  la rge  increase,  from 0.48g 
t o  0.65g, almost 40 percent, f o r  the  10 percent increase i n  airspeed. 

The r e l a t i v e  load leve ls  

For comparison, the  measured power spectra  of normal accelerat ions 
f o r  the same three  t e s t  airspeeds a r e  shown on t h e  lower r i g h t  of f i g -  
ure 6.  In  each case, only very l imi ted  samples were ava i lab le  (roughly 
2 sec) with the  r e s u l t  t h a t  only l imi ted  s t a t i s t i c a l  r e l i a b i l i t y  could 
be obtained. I n  obtaining the power spectrum estimates,  s t a t i s t i c a l  
r e l i a b i l i t y  considerations d i c t a t ed  a choice of a r a the r  wide frequency- 
band width; each point represents a weighted avera e over roughly 3.2 
cycles per second (f1.6 cps about t he  values shown k . The estimates may 
therefore be expected t o  provide a "smeared" p i c tu re  of the  r e a l  spectrum, 
and t h i s  is  borne out by the  f a c t  t h a t  measured r e s u l t s  a r e  f l a t t e r  i n  
character than a re  the calculated r e s u l t s .  

In  order t o  make a more f a i r  comparison between t h e  calculated and 
measured r e su l t s ,  the calculated r e s u l t s  presented were modified by the  
averaging equivalent t o  that present  in t he  measured est imates .  The re- 
s u l t s  obtained with t h i s  modification a r e  shown on f igure  6 and a re  seen 
t o  be i n  good over-al l  agreement with the  measured spec t ra .  I n  f a c t ,  
considering the l imited s t a t i s t i c a l  r e l i a b i l i t y  present ,  t h e  agreement 
seem much b e t t e r  than might have been expected and confirms the  expected 
magnitude and character  of amplif icat ion in loads associated with low 
damping. 
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Effect of wing bending. - A s  t h e  next application, f i gu re  7 shows 
some r e s u l t s  obtained i n  a study of the ef fec ts  of wing-bending f l e x i -  
b i l i t y  on the root bending moment of a B-29 a i rplane.  
a comparison of the  measured and calculated power spectra  of root-  
bending moment. 
plane and the  dashed curve is f o r  the airplane considered as a r i g i d  
body. For the r i g i d  case, t he  measured spectrum was obtained from nodal 
point accelerat ion measurements and the conversion t o  bending moment was 
based on the ca l ibra t ion  data  obtained i n s t e a d y  pullups. In  each case, 
t he  f irst  peak is  associated with the f r e e  body mode, while the second 
peak a t  about 3 cycles per second i s  associated with the  fundamental 
wing bending mode. The e f f ec t  of wing bending is in both cases given 
by the  bump i n  the  spectrum at  the fundamental wing bending frequency. 
The r a t i o s  of t h e  root mean square values a re  a l s o  shown i n  both cases. 
Comparison of the measured and calculated results shows rather good 
agreement i n  root mean square values and in  the s i z e  and shape of t he  
bump associated with the wing bending e f f ec t s .  

The figure shows 

I n  each case, the s o l i d  curve i s  f o r  t he  f l e x i b l e  air- 

Span e f f e c t s .  - In these calculations,  it has f o r  s impl ic i ty  been 
assumed that the turbulence is  uniform across the span. Recent s tud ies  
have indicated that the e f f e c t s  of var ia t ions in the turbulence across 
the span nzy give rise t o  s ign i f i can t  e f f ec t s  i n  many problems. 
the  r e s u l t s  i n  regard t o  the  span e f f e c t s  are covered on t h e  next two 
f igures .  Figure 8 shows the  e f f ec t  of the  span length b on the spec- 
t r u m  of the  average gust veloci ty  across the span. These r e s u l t s  a r e  
A.vI raJuulupLL ~uuuLLLcllLc a16 the a-d>%i.cd exqgession for  the turbulence 
spectrum given e a r l i e r .  The abscissa i s  the nondimensional frequency 
wL/V where L is  the scale  of turbulence and V is the a i rp lane  for -  
ward speed. Curves a r e  shown f o r  various values of b/L; t h e  curve f o r  
b/L = 0 giving the  spectrum of turbulence a t  a point,  while t he  other  
curves give the spectra  of average gust velocity across the  span. For 
increasing values of 
is progressively reduced, pa r t i cu la r ly  a t  the higher frequencies.  These 
r e s u l t s  apply d i r e c t l y  t o  wing l i f t  and t o  over-al l  a i rp lane  accelera- 
t i ons  and ind ica te  the  amount of attenuation due t o  spanwise gust aver- 
aging. 
of even grea te r  significance i n  regard t o  wind tunnel  and buffe t ing  
s tudies  where the r a t i o  of 
the  case of atmospheric turbulence. 

Some of 

Pn-,. < r m + - r , . n  - +..nL..l̂ -̂  ̂

b/L, it can be seen that the  e f f ec t ive  spectrum 

The r e su l t s ,  while of significance i n  gust response s tudies ,  a r e  

b/L is l i k e l y  t o  be much grea te r  than f o r  

Although the  e f f ec t s  of nonuniform turbulence appear t o  a t tenuate  
the  over -a l l  a i rplane load and gust response, they may give rise t o  a 
different, effert. when the tnt.~rnnl st.pl&xsJ re .sp~p?p i.: ~ Q I S ~ & Z ? ~ .  

Figure 9 i l l u s t r a t e s  t h i s  point by showing the  e f f e c t s  of spanwise 
var ia t ions  i n  turbulence on the  exc i ta t ion  of t he  s t r u c t u r a l  modes. The 
r e s u l t s  are f o r  a uniform cant i lever  wing of aspect r a t i o  5 and show the  
r e l a t i v e  amount by which the  first several  modes a re  excited.  
ious curves show the r a t i o  of t he  response spectra  @s/'u f o r  the  first, 
second, and t h i r d  symmetric modes, where 9, designates the response 

The var- 



1-8 

spectrum f o r  the  condition of turbulence varying across the span and 4~~ 
designates the spectrum f o r  the  uniform turbulence condition. The 
abscissa i s  a reduced frequency uL/V where L is the sca le  of turbu- 
lence. Results a r e  shown f o r  several  values of span-to-scale r a t i o  
b/L. 
(Bs i s  always l e s s  than the  response f o r  the  uniform gust condition 
the  amount of reduction becoming grea te r  as b/L increases.  For the 
second and th i rd  modes, however, 9, is  grea te r  than 9, i n  the  range 
of frequency covered, and f o r  the  t h i r d  mode reaches a peak value of 
about 2 .3  i n  one case. 
all the  curves would eventually drop off and approach zero. This ,  of 
course, is t o  be expected from physical considerations, s ince a t  the  very 
high frequencies, the  gust wavelengths a r e  so short  that there  i s  effec-  
t i ve ly  a complete cancel la t ion.  

For the first mode, the response f o r  the  nonuniform gust condition 
+u, 

If the  p lo t s  were car r ied  out t o  higher frequency, 

It should be mentioned that these peaks i n  the  amplification curves 
occur at gust wavelengths t h a t  are about twice the distance between nodal 
points f o r  t he  higher modes. Thus, a spac ia l  resonance condition is  sug- 
gested i n  which the loading d i s t r ibu t ion  takes a shape similar t o  the  
mode shape. 

Results of the  type shown on f igure  9, of course, do not indicate  
the  superposed e f f ec t  of al l  the  modes, t ha t  is, the  net response. The 
net  e f f e c t  of spanwise gust var ia t ions  on the  airplane response could 
presumably be grea te r  o r  l e s s  than t h a t  f o r  t he  uniform gust condition, 
depending on the ac tua l  configuration, t he  response quant i ty  being de- 
termined, and which mode, i f  any, is  predominant in the  response. 

Runway roughness. - As a f i n a l  example, some r e s u l t s  obtained i n  
the  problem of loads developed i n  t ax i ing  over rough runways a r e  des- 
cribed. For t h i s  problem, it was des i rab le  t o  obtain some measurements 
of the roughness of ex i s t ing  runways. As a first e f f o r t  i n  t h i s  direc-  
t ion,  height surveys were made of two runways at Langley Field,  Virginia.  
One of the  runways was considered a r e l a t i v e l y  smooth runway, while the  
second runway was known t o  be rough. The power spectra  of runway rough- 
ness a re  shown i n  f igure  10. A s  can be seen, t he  spectrum f o r  t he  rough 
runway, over the range considered of i n t e r e s t ,  i s  considerably higher 
than f o r  the  smooth runway, roughly, t e n  times as high at the  lower f r e -  
quencies and about twice as high at the  higher frequencies.  The root 
mean square values a r e  a l s o  given and are seen t o  be roughly i n  the 
r a t i o  of 3:l. These r e s u l t s  i n  descr ibing the cha rac t e r i s t i c s  of run- 
ways roughness a re  serving as a usefu l  bas i s  f o r  t rend  s tudies  of air-  
plane response i n  ground operations.  
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CONCLUSION 

The foregoing discussion has described some of the aspects of the 

These techniques appear to provide a useful 
techniques of generalized harmonic analyses and some of the results 
obtained in applications. 
approach for problems involving randan disturbances, and their use w i l l  
probably be expanded in the future. 
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2 .  SOME RECENT DEvELopMEmTS IN THE AERODYNAMIC 

TBEORY OF OSCILLATING W I N G S  

By I. E. Garrick and C. E. Watkins 
Langley Aeronautical Laboratory 

INTROIXTCTION 

Aircraf t  companies are making a great e f f o r t  t o  treat and t o  design 
f o r  aeroe las t ic  problems. These problems, which involve t h e  in te rac t ion  
of t he  s t r u c t u r a l  deformations and the  aerodynamic forces,  may be o f  a 
s t a t i c  o r  dynamic nature. An example of  a s t a t i c  aeroe las t ic  problem i s  
the  determination of t h e  steady load d is t r ibu t ion  on a deformable wing; 
an example of  a dynamic aeroelast ic  problem i s  f l u t t e r .  F l u t t e r  involves 
the  vibrat ion modes of  t he  a i r c r a f t  with the in te rac t ion  o f  t h e  accompa- 
nying osc i l l a t ing  a i r  loads as an essent ia l  ingredient. It i s  with t h i s  

concerned. 

i 
I ingredient, t h e  osc i l l a t ing  air loads, t ha t  t h i s  paper i s  primarily 

The f l u t t e r  f i e l d  i s  of  ever-increasing importance because of higher 
speeds, d ivers i ty  of configurations, thinner wing components, and heavier 
loads and appendages. 
and continuing e f f o r t  both on t h e  experimental and theo re t i ca l  aspects 
of s t ruc tures  and aerodynamics and on t h e i r  union. 

Problems within t h e  f lu t te r  f i e l d  require  a la rge  

On t h e  theo re t i ca l  side, t he  aerodynamics of f l u t t e r  has been based 
mainly on the two-dimensional theory of o sc i l l a t ing  wings and has been 
used i n  various s t r i p  analysis  methods w i t h  selected s t r u c t u r a l  modes of 
deformation. Despite i t s  l imitat ions,  t h e  two-dimensional theory has 
been very useful; however, some of t h e  current and future configurations 
involving plan forms of low aspect r a t i o s  and t h i n  wings require  improved 
three-dimensional treatments. This statement, of course, appl ies  t o  the  
s t r u c t u r a l  as w e l l  as t o  t he  aerodynamic analysis. 

The present paper i s  concerned mainly, however, with some recent 
developments r e l a t i n g  t o  the  three-dimensional treatment of t h e  aero- 
dynamics of t h e  f i n i t e  o sc i l l a t ing  wing. A f in i shed  report  cannot be 
given, as t h e  subject i s  i n  a s t a t e  of rapid change. The s t ruc tu ra l  
s ide i s  a l s o  i n  rap id  transmutation. For example, the  use of  simple 
beam theor ies ,  o r  "beamology," i s  being questioned as t o  i t s  relevancy 
fo r  many modern configurations. Elaborate schemes f o r  accounting f o r  
t he  plan-form elements of low-aspect-ratio wings both aerodynamically 
and s t r u c t u r a l l y  a re  being developed. 
unly necessary but a l so  feas ib le  with the  notable developments i n  modern 
automatic d i g i t a l  computers. 

These schemes have become not 
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The following subjects are considered in this paper: 

A 

a 

(1) The general boundary value problem for oscillating wings and 
its formulation as an integral equation 

(2 )  Review or recounting of some special solutions, old and recent 

(3) The kernel function of the integral equation and its application 
in determining oscillating air forces on finite wings 

( 4 )  The wind-tunnel wall interference problem for oscillating wings 
and some related experimental measurements 

(5) Some supersonic-flow oscillating-wing problems 

(6) Reverse-flow reciprocity relations and a few illustrations of 
their uses 

(7 ) Possible combination of aerodynamic and structural problems 

SYMBOLS 

The following symbols are used in this report: 

aspect ratio 

velocity of sound 

b wing semichord 

lift coefficient 

magnitude of oscillating lift coefficient 

CL 

1 dCL/da I 
moment coefficient cm 

i d c , / ~ l  magnitude of oscillating moment coefficient 

G structural-influence function 

H tunnel height 

HO(2),H1(2) Hankel functions of second kind of zero and first order, 
respectively 

K kernel function 



k 

L 

I Lcl/L& I 

2 

M 

M334 

P 

S 

6 

t 

U 

W 

reduced frequency parameter, w2/U 

aerodynamic load d is t r ibu t ion  

r a t i o  of  magnitude of lift on wing i n  tunnel t o  magnitude of 
l i f t  on wing not i n  tunnel 

reference length (of ten chosen as semichord b )  

Mach number, U / a  

components of moment coeff ic ient  

perturbation pressure 

projected wing area 

wing semispan 

t i m e  

forward velocity of wing; o r ,  a l ternat ively,  veloci ty  of un- 
disturbed stream flowing i n  x-direction 

f l u t t e r  :peed coeff ic ient  (V denotes speed and cq-, t o r s iona l  
I 

frequency of wing) 

ve r t i ca l  velocity of f l u i d  o r  downwash a t  wing surface, 
w(x,y,t) = w*(x,y) e b t  

Cartesian coordinates 

normal displacement of mean surface of wing 

4 3  
Cartesian coordinates 

f l u i d  density 

per turbat  ion velocity poten t ia l  

phase angle 

c i r cu la r  frequency o f  osc i l la t ion  
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- 
u) W/VP2 

cu, (IrP/H)(Zn - l ) a ,  n = 1, 2, 3 . . . 
Subscripts : 

D d i r ec t  flow 

L l i f t  

m moment 

R reverse flow 

DISCUSSION AND RESULTS 

General Boundary Value Problem f o r  Osc i l la t ing  Wings 

Different ia l  equations and boundary conditions.  - The equations 
t h a t  provide t h e  bas i s  f o r  most of t h e  ex i s t ing  t h e o r e t i c a l  background 
f o r  unsteady aerodynamics of wings r e s u l t  from a l inea r i za t ion  of t h e  
boundary value problem f o r  t h e  veloci ty  po ten t i a l .  I n  equations (1) and 
( 2 )  are given, respectively,  t h e  governing p a r t i a l  d i f f e r e n t i a l  equation 
and t h e  main boundary conditions f o r  t h e  problem of t h e  unsteady o r  t h e  
osc i l l a t ing  f i n i t e  wing: 

On the wing plan form: 

O f f  the plan form and i n  i t s  plane: 

p = - p  =+U-& = o  ”) 
I n  addition, there  are various conditions t o  be s a t i s f i e d  a t  edges of 
t h e  plan form. 

Equation (1) presents t he  l i nea r i zed  d i f f e r e n t i a l  equation fo r  t he  

i n  t h e  x-d i rec t ion  and of den- 
velocity po ten t i a l  
t h e  wing i n  a mainstream of veloci ty  u 
s i t y  p (see sketch a ) :  

3 based on s m a l l  per turba t ions  of t h e  flow about 
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Sketch a 

Equation (1) may be recognized as t h e  c l a s s i ca l  wave equation of acous- 
t i c s  re fer red  t o  a uniformly moving coordinate system (moving with ve- 
l o c i t y  U i n  t h e  negative x-direction) . I n  equation ( 2 a )  i s  given t h e  
condition t h a t  t he  flow i s  tangent ia l  t o  the  wing surface r e l a t ing  the  
normal velocity w 
motion of t h e  wing, t he  displacement of  whose mean surface is  defined 
by Z(x,y,t). 
and pa r t i cu la r ly  i n  i t s  wake, t he  pressure difference vanishes. The 
statement following equation ( Z b )  r e f e r s  t o  various edge o r  t i p  condi- 
t i ons  t o  be prescribed according t o  flow regime. 
example, t h e  pressure difference should go t o  zero continuously i n  t h e  
immediate neighborhood of a l l  t r a i l i n g  edges. 
L L ~ L L L U Q  edges play no determining pa r t  as far as the  po ten t i a l  rlow i s  
concerned, but  leading edges mus t  be assumed t o  be such t h a t  Mach waves 
remain attached t o  them. 

of t he  f l u i d  adjacent t o  the  wing surface t o  t h e  

Equation (2b) i s  the  condition t h a t  off t h e  wing surface 

I n  subsonic flow, f o r  

In  supersonic flow the  
.L.--- 2 7 2 .. 

In  t h i s  l inear ized  form, t h e  d i f f e r e n t i a l  equation (1) i s  s a t i s f i e d  
n o t  only by the  velocity poten t ia l  but also by any component o f  t h e  flow 
or by t h e  per turbat ion pressure p, where 

In  equation (l), then, + 
p 
equivalent t o  -p/p. 

may be  considered as replaced by t h e  pressure 
or by t h e  accelerat ion potent ia l ,  which i n  t h e  l inear ized  form i s  

As a so lu t ion  of t he  boundary value problem, t h e  pressure differ- 
ence o r  t h e  loading on the  wing f o r  a r b i t r a r i l y  given motion o r  defor- 
mation of t h e  wing w(x,y,t) i s  desired. 
sure d is t r ibu t ion ,  a l l  forces and moments are d i r e c t l y  obtainable by 
integrat ion.  
o s c i l l a t i n g  type of  motion 

From a knowledge of t h e  pres- 

This paper i s  primarily concerned with the  harmonically 
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The in t eg ra l  equation and i ts  kernel. - There are two bas i c  ap- 
proaches f o r  solut ion of t h e  boundary value problem. 
c l a s s i ca l  method of separation of variables leading t o  appropriate solu- 
t ions  o f  t h e  d i f f e r e n t i a l  equation and t h e i r  u t i l i z a t i o n  i n  i n f i n i t e  
s e r i e s  t o  s a t i s f y  the  boundary condition of t he  plan form and t h e  flow. 
The other involves d i r e c t  consideration of t he  in t eg ra l  equation f o r  t he  
pressure i n t o  which the  boundary value problem of the  associated l i n e a r  
d i f f e r e n t i a l  equations can always be expressed. This l a t t e r  approach 
i s  discussed and used i n  t h e  present paper. The in t eg ra l  equation can 
be formulated with t h e  use of veloci ty  po ten t i a l  o r  with use  of t h e  
accelerat ion poten t ia l .  
effects  of t he  wake, which extends from t h e  t r a i l i n g  edge t o  i n f i n i t y ,  
must be taken in to  consideration; but t he  accelerat ion-potent ia l  approach 
i s  concerned only with in tegra t ions  over t h e  wing surface alone, t h e  ef-  
fec ts  of t h e  f loa t ing  vo r t i c i ty  i n  the  wake being impl i c i t l y  included. 

One involves t h e  

I n  t h e  veloci ty-potent ia l  approach t h e  induced 

From t h i s  standpoint, t h e  i n t e g r a l  equation i s  r ead i ly  derived 
with t h e  a id  of t he  r e l a t ion  between the  veloci ty  po ten t i a l  and t h e  
pressure difference, which i s  twice t h e  per turbat ion pressure p a t  
t h e  surface. The in t eg ra l  equation i s  given by (see refs. 1 and 2, e .g . )  

I n  t h i s  equation t h e  normal veloci ty  w* corresponding t o  t h e  wing 
motion (eq. ( 4 ) )  i s  assumed t o  be known. Under the  i n t e g r a l  which i s  t o  
be taken over t he  wing plan form, L(< ,q )  denotes t h e  pressure difference 
or loading t o  be determined, and K represents  t h e  kernel  of t h e  in t e -  
g r a l  equation. The kernel  function K plays the  r o l e  of an aerodynamic 
influence function, i n  t h a t  it gives t h e  induced normal ve loc i ty  a t  a 
point x,y because of u n i t  loading a t  E , ? .  It i s  mathematically de- 
f ined as it arises i n  t h e  ana lys i s  by t h e  r a the r  i n t r i c a t e  improper 
in t eg ra l  given i n  t h e  following equation: 

A s  indicated, equation ( 6 )  expresses t h e  induced ve loc i ty  f i e l d  of a 
uniformly moving u n i t  harmonically loaded element of t h e  p lan  form and 
hence corresponds i n  a sense t o  a moving acoust ic  doublet .  

A recent reduction of t h i s  i n t e g r a l  t o  a proper form given i n  re f -  
erence 2 leads t o  a ra ther  lengthy expression which i s  given fo r  t h e  
general subsonic flow case as a matter of i n t e r e s t :  

L 
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1 
where K 1  and 11 denote modified Bessel Functions, L1 denotes t h e  
modified Struve function, and k = aZ/U, where I is  an a r b i t r a r y  ref- 
erence length of ten  conveniently chosen as a reference semichord b. 
Other proper forms may be expressed f o r  the kernel  f’unction f o r  incom- 
presaT31e flow sfid for the cases aria supei.surljc fiuws. 

The kernel  function (eq. (7) )  can be conveniently separated i n t o  
two par ts .  
i n  i t s  appl icat ion can be t r ea t ed  analyt ical ly .  The other par’t contains 
no s i n g u l a r i t i e s  and can be numerically tabulated and i n  appl icat ion can 
be dea l t  with by numerical procedures. The kernel function is therefore  
capable o f  being numerically determined and used and, thus, represents 
t h e  key t o  some of t he  developments t h a t  are t o  be discussed. 
coming t o  these,  it may be of value t o  r e c a l l  some of the  cases f o r  which 
solut ions t o  t h e  in t eg ra l  equation are already known. 

One of these contains a l l  t he  s ingu la r i t i e s  of K(x,y) bu t  

Before 

Special  Analytical  Solutions f o r  Osci l la t ing Wings 

By a solut ion t o  the  equation i s  m e a n t ,  o f  course, an e x p l i c i t  
determination of t h e  loading f o r  specified boundary conditions. 

small perturbat ion theory, f o r  only a f e w  cases. 
regard t o  f l o w  regime and plan form i n  the following table:  

This 
hoc Lnrm ------ T - - . - L - ~  _ _ _ _  ~ - - L . ~ - - T T - -  -----&l-- --:AL<- AL- O--------L - m  AI-- 
iiuu UC.C.LL a L L u u p A A a L i e u  ariaiy b i c & ~ ~ - y  c A a G  biy, w I bii-cii buc II UIU~WUI n VI but: 

These a re  l i s t e d  with 
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Incompressible 

Compressible subsonic 

r Flow 

I n f i n i t e  aspect r a t i o  
Very s m a l l  aspect r a t i o  
Circular  plan form 

I n f i n i t e  aspect r a t i o  
Very s m a l l  aspect r a t i o  

I 
~~ I Wing plan form 

Supersonic I n f i n i t e  aspect r a t i o  
F in i te ,  with al l -supersonic  edges 
Rectangular plan form 
Very s m a l l  aspect r a t i o  

A brief recounting of t he  procedures, invest igators ,  and approxi- 
mate dates  with which these  cases can be associated i s  bel ieved t o  be of 
i n t e r e s t .  It should be mentioned f i r s t ,  however, t h a t  most of  t he  ind i -  
cated solut ions were not o r ig ina l ly  obtained by the  integral-equat ion 
approach. 

The closed-form resul ts  f o r  t h e  inf in i te -aspec t - ra t io  wing i n  in- 
compressible flow (two-dimensional case) were f irst  obtained by con- 
s idera t ion  of t he  veloci ty  po ten t i a l  and t h e  i n f i n i t e  vortex sheet  t o  
represent the  wake. 
Wagner (1925) who, respectively,  considered t h e  i n f i n i t e  o s c i l l a t i n g  
vortex wake and the  a r b i t r a r y  f i n i t e  wake. 
o s c i l l a t i n g  a i r f o i l  are associated with such names as Theodorsen (1934), 
Cicala (1935), Kiissner (1936, 1940), Schwarz (1940), and o thers .  The 
e x p l i c i t  so lu t ion  f o r  t h i s  case represents  a notable landmark i n  t h e  
development of unsteady aerodynamic theory. 

The o r ig ina l  methods s t e m  from Birnbaum (1924) and 

General resu l t s  f o r  t h e  

Results f o r  t he  wing of vanishingly s m a l l  aspect r a t i o ,  as indi -  
cated under incompressible f l o w ,  are due t o  Miles, Reissner, Garrick, 
and Ashley and were developed from 1948 t o  1951. 
an extension of t he  slender-wing theory f o r  steady flow of R.  T. Jones 
(1946) t o  unsteady f l o w .  

These results represent 

The o s c i l l a t i n g  c i r cu la r  p l a t e  w a s  f i r s t  t r e a t e d  by Schade and 
Kre ines  (1940-43) who extended Kinner 's  treatment of t h e  c i r cu la r  p l a t e  
i n  steady incompressible flow. It w a s  i n  connection with t h i s  l a t t e r  
problem t h a t  Prandt l  (1936) f irst  introduced h i s  concept o f  t h e  acceler-  
a t ion  po ten t i a l  f o r  t r e a t i n g  l i nea r i zed  problems of aerodynamics. I n  
both t h e  steady- and unsteady-flow cases f o r  t h e  c i r c u l a r  p l a t e ,  t h e  
procedure employed w a s  t h e  c l a s s i c a l  method of separat ion of variables 
and the use of appropriate orthogonal functions t o  obta in  t h e  pressure.  

The use of orthogonal functions appropriate  t o  t h e  wave equation 
as a general  means of t r e a t i n g  t h e  unsteady-flow problem has recent ly  
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been discussed by Kissner (ref. 3). Unfortunately, however, appropriate 
orthogonal systems are possible  f o r  only a f e w  spec ia l  plan forms; and, 
hence, the  general  appl icat ions are limited- Among t h e  cases t h a t  have 
been treated by t h e  procedure, however, are t h e  wing of i n f i n i t e  aspect 
r a t i o  and t h e  wing of very small aspect r a t i o  f o r  compressible subsonic 
flow. Results f o r  t h e  inf ini te-aspect-rat io  wing may be associated 
with names of Reissner (1944, 1951), Timman (1946), Haskind (1947), and 
Timman, Van de Vooren, and Greidanus (1951, ref. 4) .  (Reference 4 sup- 
p l i e s  various tables t h a t  have been corrected as indicated i n  t h e  ref- 
erence l i s t . )  
r a t i o  extending t h e  incompressible-flow re su l t s  t o  include e f f e c t s  of 
f i n i t e  sound speed have been given with some numerical tables by Merbt 
and Landahl (1953, refs. 5 and 6 ) .  A more complete numerical set  of 
tables f o r  t h i s  case has been prepared by Mazelsky ( t o  be published i n  
Jour. Aero. S e i . ) .  

The resul ts  f o r  t he  osc i l l a t ing  wing of very s m a l l  aspect 

Before leaving t h e  subject  of t h e  use of  orthogonal functions,  it 
seems appropriate t o  mention t h a t  among the problems t h a t  may possibly 
be solved by the  aforementioned Drocedure is t h e  important and challeng- 
ing problem of t h e  o s c i l l a t i n g  wing of e l l i p t i c  plan form. 

With regard t o  t h e  cases l i s t e d  i n  the table under supersonic flow, 

Garrick and Rubinow i n  1947 extended 

Closed results 

it may be mentioned t h a t  t h e  two-dimensional o s c i l l a t i n g  a i r f o i l  w a s  
f i rs t  treated by Possio (1937). 
t h e  treatment. t.n apply t n  any fkite vir?g CP p r t i m s  cf P f i c i t e  vi,r,g 
f o r  which t h e  flow normal t o  a l l  edges i s  supersonic. 
fo r  t h e  rectangular  wing are due t o  Miles (1949) and Stewartson (1950). 
Supersonic-flow resul ts  f o r  t h e  small-aspect-ratio wing are included i n  
the  work of Merbt and Landahl. 

The aforementioned l i s t  of solutions,  it should be remembered, rep- 
resents  only cases f o r  which exact solutions are known and does not in-  
clude a l a rge  port ion of knowledge of aerodynamic coef f ic ien ts  t h a t  is 
based on various approximate procedures. Although, f o r  example, t h e  
corrected tables based on the  exact solution f o r  two-dimensional sub- 
sonic flow have become avai lable  only within the  .past f e w  months, t h e  
o r ig ina l  treatments of t h e  problem and, indeed, accurate tables of coef- 
f i c i e n t s  w e r e  obtained by approximate procedures through t h e  integral  
equation f o r  t h e  two-dimensional case long before  t h e  exact solut ion w a s  
avai lable .  
general  appl ica t ion  of these  procedures t o  f i n i t e  wings, it w i l l  be 
he lpfu l  t o  reexamine some of t h e  per t inent  featiires f o r  t.he t.vo- 
dimensional case. 

Since a main objective of t h i s  paper i s  t o  discuss the  more 

Possio 's  method f o r  two-dimensional subsonic flow. - The in t eg ra l  
equation f o r  two-dimensional flow involves only a s ingle  i n t e g r a l  taken 
over t h e  chord, as shown i n  t h e  following equation: 
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This equation has become known as Possio 's  i n t eg ra l  equation, s ince he 
w a s  the  f i r s t  t o  t reat  it and t o  evaluate i t s  kernel (ref. 7 ) .  The 
kernel which r e s u l t s  from an in tegra t ion  of t he  three-dimensional kernel  
shown i n  equation ( 6 )  i s  defined by an improper in t eg ra l  t h a t  involves 
Hankel functions, namely, 

An exp l i c i t  expression f o r  
dimensional counterpart i s  

K, of which equation ( 7 )  i s  t h e  three-  

The method of solut ion o r ig ina l ly  employed by Possio w a s  t o  assume 
t h a t  t h e  chordwise pressure d i s t r i b u t i o n  o r  loading w a s  given by a sum 
of appropriate modes of load d i s t r ibu t ion ,  as i n  t h e  following equation: 

(11) e 
L = a. cot  2 + a1 s i n  8 + a2 s i n  28 + . . . 

where the  angle 
replace t h e  chordwise variable by t h e  r e l a t i o n  

8 has been introduced as a matter of convenience t o  
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Each nodal function i n  equation (11) i s  modified by a fac tor  ai 
t o  be determined and which f o r  t h e  osc i l la t ing  wing (see eq. ( 4 ) )  must 
be taken as a complex number i n  order t o  yield both magnitude and phase. 
In  steady aerodynamics where t h e  same modes of pressure d i s t r ibu t ion  a re  
commonly used, as i n  Glauert ' s  t h in -a i r fo i l  theory, the  coef f ic ien ts  ai 
are real quant i t ies .  

The determination of t he  a 's  is brought about byIssubstitution of 
the  assumed loading i n  the  in t eg ra l  equation, thus yielding t h e  normal 
velocity w* as a sum of terms involving a. Each term contains as a 
f ac to r  a de f in i t e  i n t eg ra l  t h a t  involves the  kernel function and one o f  
t he  assumed modes of pressure dis t r ibut ion.  These def in i te  in tegra ls  
may be evaluated numerically as accurately as desired. Expressing w 
a t  a desired or  su f f i c i en t  number of control places of t he  chord leads 
t o  a system of l i nea r  algebraic equations f o r  determination of t he  a's. 

i+ 

Analogous method f o r  three-dimensional flow. - Now consider an 
analogous procer2ure for  t r ea t ing  t h e  in tegra l  equation f o r  a f i n i t e  wing 
of any plan form, as reproduced from equation (5): 

It is  reca l l ed  t h a t  t he  important kernel. K of t h i s  equation has been 
recent ly  put  i n to  a form capable of numerical evaluation f o r  any given 
Mach number, although t h i s  evaluation i s  no simple task.  The loading 
L may again comprise a number of pressure modes, but now must involve 
besides the  chordwise pressure terms, spanwise modifications of these 
terms involving 7: 

L = f i 2  [cot e (ao,o + aO,l '1 + a0,2 72 + . . .> t 

s i n  e (a1 + a1 '1 + al,2 7' + . . .> + 
9 

For example, t h e  f i rs t  term corresponds t o  t he  e l l i p t i c  type o f  span- 
w i s e  loading. The quantity s represents t he  loca l  semispan ar.d i s  a 
function of t h e  l oca l  semichord b ( see  sketch b ) :  
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Sketch b 

Again t h e  problem i s  t o  determine t h e  coef f ic ien ts  

i n  the expression f o r  t h e  loading corresponding t o  a spec i f ied  normal 
velocity function w*(x,y). 
dimensional case, t h e  i n t e g r a l  equation expressing W" can be reduced 
t o  a sum o f  terms involving the  coef f ic ien ts  
in tegra ls  occur which involve t h e  kernel  K and t h e  assunled modes of 
pressure d i s t r ibu t ion  and which can be evaluated numerically as accu- 
r a t e ly  as desired.  Specif icat ion of an appropriate number of cont ro l  
o r  p ivota l  points  (x,y) w i l l  l ead  t o  a des i red  system of simultaneous 
equations f o r  determining t h e  a 's .  

ai, which appear 

A s  i n  t he  procedures described f o r  t h e  two- 

ai, j .  
Again, d e f i n i t e  

The procedure is thus s t r i c t l y  analogous t o  t h e  two-dimensional one 
and a l so  bears  a resemblance t o  Falkner 's  vortex l a t t i c e  method (ref.  8)  
of t r ea t ing  f i n i t e  wings i n  steady incompressible flow. Other r e l a t e d  
work o f  i n t e r e s t  i s  t h a t  of W.  P. Jones and h i s  assoc ia tes  (e.g., refs. 
9 and 10) f o r  t r e a t i n g  o s c i l l a t i n g  wings i n  incompressible f l o w  based 
on the veloci ty  po ten t i a l  o r  vortex l a t t i c e  approach. The method dis-  
cussed i n  the  present paper may be more properly termed as a "loaded 
l a t t i ce"  approach; however, it w i l l  be  more simply r e fe r r ed  t o  as l a t -  
t i c e  approach. 

The numerical labor  i n  t h e  three-dimensional l i f t i ng - su r face  method 
i s  s o  g rea t  t h a t  without t h e  use of modern computing machines it i s  
hardly feas ib le .  There are, of course, many worthwhile short-cuts  t h a t  
can be introduced, but without f u r t h e r  d e t a i l s  on t h e  methods, some re- 
s u l t s  a r e  presented t h a t  have been obtained by these  procedures by H. L. 
Runyan and D. S. Woolston of t h e  NACA Langley laboratory i n  a6 yet  un- 
published work. 

Results of appl icat ion.  - The f i r s t  r e s u l t s  presented are f o r  t h e  
l i f t  and moment f o r  a rectangular wing of aspect r a t i o  2 o s c i l l a t i n g  i n  - 

pitch about a midchord ax i s  ( f i g .  1). 
f o r  t h i s  case, it i s  necessary t o  compare resu l t s  with those  of other  
approximate methods, such as various loaded l i n e  o r  s ing le  i n t e g r a l  
treatments. Among the  more recent  and outstanding contr ibut ions t o  these  
approaches i s  t h a t  of Lawrence and Gerber (ref.  11). 

A s  no-closed-form so lu t ion  ex is t s  

Their  work, which 
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applies only t o  incompressible flow, involves approximations i n  both t h e  
loading and the  kerne l  function. I n  l i m i t s  with regard t o  aspect r a t io ,  
t h e i r  r e s u l t s  reduce the  closed-form re su l t s  f o r  incompressible flow f o r  
wings of i n f i n i t e  aspect r a t i o  and f o r  wings of very small aspect r a t i o .  
Their coef f ic ien ts  a l s o  agree w e l l  with available experimentally deter-  
mined coef f ic ien ts  f o r  low Mach numbers. 

I n  f igure  1 the  ordinate  on t h e  lef t  i s  the  magnitude of t h e  l i f t  
and moment coeff ic ient ,  and t h a t  on the  r ight ,  t h e  phase angle (angle 
by which l i f t  or moment vector d i f f e r s  f rom wing pos i t ion  vector).  
abscissa  i s  the  reduced frequency parameter commonly used i n  f l u t t e r  
s tudies .  A s  indicated by these comparisons, t h e  two methods give essen- 
t i a l l y  the  same results f o r  incompressible flow. 

The 

Fer t h e  r e s u l t s  covering a range of Mach numbers given i n  f igures  
2(a)  and (b),  t he  method of reference 10 does not apply and no cornpari- 
sons with other  methods may be made. The magnitudes of l i f t  and moment 
are given i n  f igure  2(a) ,  and the  corresponding phase angles i n  figure 
2(b) .  These resu1t.s sre  a l so  f o r  a wing o f  aspect r a t i o  2 o s c i l l a t i n g  
about a midchord axis, but  here the  reduced frequency is  kept constant 
(k = 0.22) and t h e  Mach number i s  varied. Results f o r  Mach numbers up 
t o  and including M = 1 were ca lcu la tedby t h e  l a t t i c e  approach, while 
those f o r  M > 1 were obtained from supersonic theory f o r  rectangular 
wings. The subsonic r e s u l t s  indicated are, as far as i s  known, the  

as a bas i s  f o r  comparison of trends with regard t o  Mach number, r e s u l t s  
based on closed-form solut ions f o r  the  corresponding two-dimensional 
p i tch ing  wing are included i n  f igures  2(a) and (b) .  Examination of t h e  
magnitudes and, i n  par t icu lar ,  t he  phase angles f o r  f i n i t e  wings along 
with those for  t he  two-dimensional wing gives  no ind ica t ion  of a simple 
r u l e  whereby r e s u l t s  f o r  one of the  wings could be converted in to  re -  
s u l t s  f o r  t h e  other.  It i s  expected t h a t  such an ind ica t ion  would 
appear less l i k e l y  as the  reduced frequency i s  increased. For the  lower 
values of t h e  frequency, however, some steady-state ru l e s  of conversion 
should apply. The r e s u l t s  shown here were calculated mainly by manual 
means and required considerable t i m e .  A full development of t h i s  tech- 
nique requi res  a very considerable amount of work and numerical e f f o r t .  
It i s  r e a d i l y  adaptable t o  a modern high-speed calculat ing machine, 
however, so t h a t  t he  numerical e f f o r t  required should not s tand as an 
obstacle.  

first suck: cslcyJati=ns made f=r t h e  f ic i te  o s c i l l z t i n g   ring. T= FCI-..TP “ b A .  \ c. 

Mnrenver ;  nnd perhnps nf great.er i m p r t . n n r e ;  t .he  prnrerhires arc nnt 
r e s t r i c t e d  t o  t h e  r i g i d  osc i l l a t ing  wing but apply a l so  t o  t h e  deformable 
wing; and, as w i l l  be b r i e f l y  indicated i n  a subsequent section, may be 
d i r e c t l y  combined with s t r u c t u r a l  analysis. 
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Osci l la t ing  Wing i n  Wind Tunnel 

Another resdlt of i n t e re s t ,  sterming from t h e  in t eg ra l  equation, 
r e l a t e s  t o  the  problem of t h e  osc i l l a t ing  wing as affected by t h e  w a l l s  
of the wind tunnel.  
on osc i l la t ing  wings f o r  s tud ies  of f l u t t e r ,  buffeting, and dynamic Sta- 
b i l i t y .  When such measurements are made i n  a wind tunnel, it i s  neces- 
s a ry  t o  know what i.nfluence the  tunnel w a l l s  have on t h e  forces.  

Experimental measurement i s  often required of forces  

i 
s implification, consider t h e  problem of the  o s c i l l a t i n g  wing i n  a two- 
dimensional tunnel, as shown schematically i n  figure 3. LT 

For 
U 
U 
EI 

An addi t ional  boundary condition t h a t  must be observed f o r  s o l i d  
w a l l s  i s  t h a t  t h e  v e r t i c a l  induced veloci ty  a t  t h e  tunnel  w a l l  must be 
zero. This condition can be m e t  by consideration of a method of images 
as has been done f o r  t h e  s ta t ionary  case. To form two w a l l s ,  an i n f i n i t e  
row of images spaced a t  in t e rva l s  equal t o  t h e  tunnel  height (as ind i -  
cated i n  f i g .  3) is  required. I n  addi t ion t o  t h e  wind-tunnel problem, 
t h i s  re f lec t ing  scheme satisfies a main boundary condition f o r  an i n f i -  
n i t e  cascade of o s c i l l a t i n g  a i r f o i l s .  The treatment under discussion, 
therefore,  provides a means of calculat ing forces  and moments on such 
cascades; and these  have appl icat ions,  f o r  example, i n  problems of f l u t -  
t e r  of compressor blades. The in t eg ra l  equation f o r  t h i s  problem i s  

The kernel f o r  t h i s  case cons is t s  of two pa r t s ,  one being t h e  two- 
dimensional kernel  K of Possio's  i n t e g r a l  equation which i s  associated 
with the wing alone, and t h e  other  an i n f i n i t e  summation of s i m i l a r  terms 
t h a t  a re  associated with t h e  images (ref. 1 2 ) .  

In applying t h e  procedures t h a t  have been described t o  t h i s  problem, 
indications of t h e  exis tence of l a rge  effects associated with resonance 
conditions were soon found. The resonance frequency conditions are given 
by the r e l a t i o n  

(2n - l)a II Jr2 
o r =  H 

which has a simple physical  basis exac t ly  as organ-pipe resonance. 
i f  the osc i l l a t ions  of t he  wing occur a t  frequencies t h a t  are equal t o  
o r  cer ta in  mult iples  of t h e  t i m e  required f o r  t ransverse  pressure waves 
t o  t r a v e l  t o  t h e  tunnel  w a l l  and back t o  t h e  model, t h i s  resonant fre- 
quency ex is t s ,  and la rge  and s ign i f i can t  resonant- l ike reac t ions  may be 
associated with it. 

Thus, 
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The i n t e g r a l  equation has been s o l v e d  f o r  several  spec i f i c  wind- 
tunnel problems and, incidentally,  f o r  some cascade problems (refs. 13 
and 14).  

In  reference 14 some comparisons a re  made between calculated and 
experimental results f o r  t he  wind-tunnel problem. Some of these r e s u l t s  
are indicated i n  figure 4, which applies for  a wing o s c i l l a t i n g  i n  p i t ch  
i n  a wind-tunnel stream having a Mach number of  0.7. The experimental 
data were obtained from osc i l l a t ing  pressure d is t r ibu t ion  measurements 
by means o f  pressure c e l l s  a t  24 s t a t ions  on the  wing. 
t he  l e f t  i s  t h e  r a t i o  of l i f t  calculated o r  measured i n  t h e  tunnel t o  
t he  calculated l i f t  without t he  tunnel. The ordinate on t h e  right is  
phase angle between l i f t  and posit ion.  
frequency of o sc i l l a t ion  of  t he  wing t o  the calculated resonant frequen- 
cy. 
t he  cases of tunnel w a l l s  and no tunnel walls, but r a the r  t o  point t o  
t he  agreement between theory and experiment. This agreement i s  note- 
worthy, pa r t i cu la r ly  s ince t h e  calculations are i n t r i c a t e  and as accu- 
rate measurement o f  o sc i l l a t ing  air forces is, indeed, a d i f f i c u l t  and 
d e l i  ca t  e undertaking. 

The ordinate on 

The abscissa i s  t h e  r a t i o  of  

It i s  not the  purpose t o  labor t h e  differences between theory fo r  

Osci l la t ing Wings i n  Supersonic Flow 

Various problems. - The discussion thus far has dea l t  mainly with 
problems i n  subsonic f l o w .  A br i e f  look a t  the  supersonic s ide  is  a l s o  
of i n t e re s t .  The problems of supersonic flow, it w i l l  be recal led,  can 
of ten be t r e a t e d  and synthesized i n  piecemeal fashion. 
a t  a f i e l d  point i s  found by considering only t h e  influences on it i n  
i t s  upstream-facing Mach cone. 
disturbance reaches only t o  f i e l d  points  within the  aft-cone zone of  
action. 

Thus, t h e  e f f ec t  

Moreover, the influence of  t h e  point of 

To ind ica te  the  boundary conditions and some regions that a r e  of 
concern, consider the  oval plan form shuwn i n  figure 5. 
cha rac t e r i s t i c  l i n e s  drawn a t  the  Mach angle t o  t h e  mainstream form a 
na tu ra l  coordinate system often more convenient than any other .  
tangent cha rac t e r i s t i c  l i n e s  t h a t  circumscribe t h e  plan form determine 
severa l  regions and arc  segments of the  boundary t h a t  are of s i g n i f i -  
cance. Segment AB is  characterized by t h e  f a c t  t h a t  t h e  component of 
t h e  mainstream velocity normal t o  the  edge remains supersonic and is, 
thus, a supersonic leading edge; s imilar ly  DE i s  a supersonic t r a i l i n g  
edge; segments BC and AF are subsonic leading edges; and segments 
CD and FE are subsonic t r a i l i n g  edges. 

The oblique 

The 

The flow problem f o r  t h e  neighborhood of any f i e l d  point on t h e  
plan form influenced only by the supersonic edge, as points  of region 
SI, has been designated as purely supersonic. A general treatment of 
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such regions is given in reference 15. Regions like S2 are influenced 
by upwash regions ahead of the wing and are, for example, involved in 
the side edges of the rectangular plan form. Some recent work on rec- 
tangular wings is contained in references 16 to 18. The triangular or 
delta plan form with subsonic edges involves two regions like S2 and 
their interaction. Recent reports dealing with this configuration are 
references 19 and 20. Regions like S3 are influenced by subsonic 
trailing.edges as well as by the upwash regions ahead of the subsonic 
leading edges, and their analysis has not as yet been pursued very far. 

The references listed are by no means complete, as a large number 
of inves'tigators have tackled various phases of the unsteady-flow prob- 
lem for supersonic speeds by the use of many different mathematical 
techniques. It is appropriate to mention one numerical approach still 
in a state of development that has recently attracted some attention. 
This has been termed a "box" method and was proposed by Pines and others 
in reference 21. In application, it is similar to the lattice approach 
discussed for subsonic flow, and hence the details will not be given 
here. 

Illustration of two- and three-dimensional effects. - Use may be 
made of some available numerical results for a wing of rectangular plan 
form to indicate some pertinent differences between two- and three- 
dimensional aerodynamic coefficients, and also to indicate some signif- 
icant effects of these coefficients with regard to calculated flutter 
speeds. 

As a first illustration, figure 6 presents the spanwise distribu- 
tion of the components of moment coefficients Mg and M4 f o r  a rec- 
tangular wing of aspect ratio 4 oscillating in pitch about midchord. 
That for Mg 
wing and thus contributes to the aerodynamic stiffness. That for M4 
is the component 90° out of phase with the wing position and thus con- 
tributes to the wing aerodynamic damping. The distribution in the tip 
regions beyond the Mach lines (shown dashed) is significantly different 
from the two-dimensional type of distribution in the region between the 
Mach lines. is negative in the two-dimensional region 
corresponding to negative aerodynamic damping; whereas, in the tip re- 
gions it changes to positive values corresponding to Camped conditions. 
Such variations in coefficients may be of special significance with 
regard to flutter and dynamic stability of an aircraft. The importance 
of some of these effects can be seen by referring to figure 7, where 
some flutter calculations for a cantilever wing of rectangular plan form 
and of aspect ratio 4 have been made on the basis of two-dimensional and 
three-dimensional coefficients. Substantial differences of the order of 
5 to 30 percent occur in the Mach number range shown. 
sults for this wing at M = 1.3 tend to confirm the three-dimensional 
or rectangular-wing approach. 

represents the component in phase with the position of the 

For example, M4 

Experimental re- 
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It should be pointed out t h a t  these examples are based on t h e  
motion of t h e  r i g i d  rectangular wing. To obtain aerodynamic coef f ic ien ts  
covering various modes of deformation of concern f o r  deformable w i n g s  f o r  
e i t h e r  supersonic speeds or, as discussed, f o r  subsonic speeds would re- 
quire a prodigious numerical e f fo r t .  A recent development of general  
i n t e r e s t  i n  t heo re t i ca l  aerodynamics t h a t  lends hope t o  greatly a l l e v i a t e  
t h i s  s i t ua t ion  i s  t h e  subject of  reciproci ty  as it applies t o  aerodynamics 
i n  t h e  form of reverse-flow re la t ions .  An indicat ion of t h e  meaning and 
some possible uses of these r e l a t i c n s  follow. 

Reverse-Flow Relations 

Reciprocal re la t ions  i n  aerodynamics may, ic fac t ,  be considered as 
a general izat ion of c l a s s i ca l  concepts of  reciproci ty  occurring i n  dy- 
namics, i n  s t ructures ,  and more par t icu lar ly  i n  acoustics. These, it 
may be recal led,  are re l a t ed  t o  t he  broad pr inc ip le  of conservation of 
energy and t o  t h e  pr inciple  of v i r t u a l  work. 

Thus, i n  t h e  f ie ld  of s t ructures ,  the  reciproci ty  rule i s  t h a t  t h e  
displacement a t  point A due t o  un i t  load a t  point B is equal t o  t h e  dis-  
placement at  point B due t o  un i t  load at  point A. 
sult  of Helmholtz may be recalled: 

veloci ty  po ten t i a l  at  a second point B i s  t h e  same both i n  magnitude and 
phase as it would be a t  A i f  B w e r e  t h e  source of sound. 

In  acoustics,  a re- 
that i f ,  i n  a space f i l l e d  with s t i l l  

air (no wind!, snmd W Z J T P  a r e  excited ..t %?I>' pint A, +,he resulting 

The generalization of these reciprocal  r e l a t ions  t o  aerodynamics 
o r ,  f o r  t h a t  matter, t o  acoustics i n  t h e  presence of a wind involves t h e  
consideration of t he  reverse wind o r  the  reverse flow. The most general 
r e s u l t s  are a t t r i bu tab le  t o  Flax (ref. 2 2 ) ,  who treated harmonically 
o s c i l l a t i n g  wings, and t o  Heaslet and Spre i te r  (ref. 23), who considerea, 
i n  addition, t rans ien t  f lows .  To be more concrete, consider a general  
plan form i n  d i r ec t  flow UD, associated with a noma1 veloci ty  distri- 
but ion wD and t h e  same plan form i n  reverse flow UR associated with 

any other  normal velocity d i s t r ibu t ion  wR: 

Sketch c 
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Let 
flow and 
Then, the reverse-flow theorem may be expressed in the form 

represent the pressure loading on the plan form in the direct 
h, the pressure loading on the plan fora in the reverse flow. 

where each integration is taken over the plan form. 

The theorem may be of particular interest for problems of the har- 

For exam- 
monically oscillating wing, in that it may provide a means for obtaining 
aerodynamic results for elastic modes from rigid body modes. 
ple, let wR 

in the reverse flow and let % be its associated pressure distribution. 
Then, the left side of equation (16) is, except for a constant, the in- 
tegration of the pressure over the surface and defines the total lift; 
while the right side expresses this lift as an integration over the plan 
form of the known arbitrary normal velocity wD 
simple pressure distribution $ associated with the uniform transla- 
tion. For  example, with wR = (constant) eht, 

refer to uniform harmonic translation of the rigid wing 

and the relatively 

Total lift = WR J J  dS = JJ WD dS 

Thus, total lift results for a mode of deformation may be expressed in 
terms of pressure results for a mode of rigid translation. Indeed, with 
$ serving as the appropriate influence or Green's f'unction, it is pos- 
sible to obtain innumerable solutions from only one known solution. Re- 
sults of interest are obtained, for example, not only for the lift but 
also f o r  the pitching, rolling, and aerodynamic-bending moments, as well 
as control-surface aerodynamic-influence coefficients or generalized 
forces. Other uses are: 
lytic check cn approximate methods; it may also be of assistance in ex- 
perimental determination of oscillating air forces. Perhaps one of the 
most important applications may be in the combining of the aerodynamic 
and structural analyses by leading to aerodynamic-influence f'unctions 
associated with structural deformations. The next section touches 
briefly on this combined aeroelastic problem. 

it may serve to provide a numerical and ana- 

Combined Aerodynamic and Structural Problem 

Let Z(x,y,t) represent a normal harmonic deflection of the wing 
associated with frequency Luj let G(x,yjC,~) represent the structural- 
influence f'unction, giving deflections at X,Y due to concentrated unit 
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load a t  c,q; and l e t  m ( c , q )  represent t h e  wing element of mass. Then, 
t he  general i n t eg ra l  equation which combines t h e  aerodynamic and s t ruc-  
tural problem f o r  any wing capable of harmonic vibrations may be ex- 
pressed as 

(17 1 

If L i s  imaginedto be zero - t h a t  is, there  are no a i r  forces ac t ing  - 
t he  equation reduces t o  t he  vibration problem o r  eigenvalue problem of 
determining na tura l  frequencies and modes of t he  wing. 
i n t eg ra l  term represents t he  contribution o f  t h e  i n e r t i a  forces  t o  t h e  
deflection, while t he  second in t eg ra l  term represents t he  contribution of 
the  aerodynamic loading t o  t h e  deflection. Other applied loadings may, 
of course, be added separately as additional terms. (Since harmonic vi- 
brat ions a r e  assumed, it is  convenient i n  general  t o  consider m2 as a 
complex frequency of  t he  form u02(1 + i g )  where g i s  a measure of t h e  
pos i t ive  o r  negative damping required i n  order t o  permit harmonic vibra- 
t i ons  t o  occur.) 

Thus, t he  f i rs t  

The problem of determining the  aerocijmmic L x d i - i i ,  as h a  aL-ea&jr 

With equation (5) wr i t ten  
been discussed, i s  i tself  a formidable one and involves t h e  numerical 
inversion of equation (5) f o r  any plan form. 
i n  t h e  form 

it i s  noted t h a t  t h e  derivatives of t he  deflection f inc t ion  would appear 
impl ic i t ly  i n  L 
a more general  form than t h a t  discussed in  connection with only t h e  aero- 
dynamics. However, by the  methods t h a t  have been indicated, L may be 
determined numerically f o r  a whole matrix of def lect ion functions, and 
hence t h e  combined problem may feas ib ly  be t r ea t ed  i n  a d i r e c t  numerical 
manner. 

i n  equation (17)  and tha t  t h i s  combined problem is of 

Another approach has recent ly  been suggested by Ashley, Voss, and 
Zartar ian (refs. 24 and 25) i n  which t h e  reciproci ty  r e l a t ions  discussed 
i n  t h e  preceding top ic  may play an important ro l e  i n  a l l ev ia t ing  t h e  
labor. Thus, t he  second in t eg ra l  term i n  equation (17) 
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may be replaced by i ts  reciprocal  r e l a t i o n  

where LG is  t h e  aerodynamic loading on t h e  plan form i n  reverse flow 
with the normal veloci ty  d i s t r ibu t ion  chosen as t h e  influence f’unction 
G i t s e l f .  
aerodynamic loading on t h e  def lec t ion  e x p l i c i t  r a the r  than impl ic i t .  
i s  another example of converting an i n t e g r a l  involving t h e  aerodynamic 
loading on the  deformable wing i n t o  one t h a t  can be expressed i n  terms 
of a known type of motion f o r  t h e  plan form i n  t h e  reverse flow. 
not t o  be implied t h a t  t he  determination of t h e  s t ructural- inf luence 
function G i s  a simple task .  I ts  determination, experimentally o r  
analyt ical ly ,  i s  i n  i t se l f  a problem merit ing and requir ing much addi- 
t i o n a l  research. 

This form has the  advantage of making the  dependence of t h e  
It 

It i s  

CONCLUDING FSMARKS 

This paper indicates  t h a t  t h e  t h e o r e t i c a l  aerodynamic problem of 
t he  l inear ized osc i l l a t ing  wing can be resolved i n  a t r u l y  three-  
dimensional treatment and numerically accomplished. It i s  not  t o  be 
implied t h a t  t h e  subject is  a closed one; it goes without saying t h a t  
ana ly t ica l  procedures, as, f o r  example, a complete treatment of the  
e l l i p t i c  plan form, can supplement and i l luminate  t h e  work. 
e l a s t i c  problem combining the  aerodynamic and the  s t r u c t u r a l  problems 
a l s o  g i v e s  hope of being r e s o l v e d  i n  a s i m i l a r  numerical fashion i n  t h e  
not too d i s t an t  f i t u r e .  

The aero- 
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3. STRENGTH ANALYSIS OF MULTIWEB THIN WINGS 

By Norris F. Dow and Roger A. Anderson 
Langley Aeronaut i c a l  Labor a t  ory 

SUMMARY 

Recent invest igat ions of t h e  s t rength of t h i n  wings of multiweb 
construction are reviewed. The r e l a t i o n  between web support s t i f f n e s s  
and ultimate s t rength is  analyzed, and methods are given f o r  evaluating 
the  support s t i f fnes s .  The results of t h i s  analysis  are compared with 
experimental data. Methods a re  a l s o  given f o r  t he  cor re la t ion  of t he  
s t rength of multiweb construction with mater ia l  s t r e s s - s t r a in  propert ies  
at room and elevated temperatures. 

INTRODUCTION 

The s t r u c t u r a l  problems associated with current and projected air- 
c r a f t  have given rise t o  the  use of new s t ruc tura l  forms and materials. 
!These nev fornls and m t e r i a l s  i n  t w n  have required iiev metfiods of 
s t rength analysis .  The present paper is  a review of recent NACA inves- 
t iga t ions  pointed toward the extension of knowledge of wing s t ruc tu ra l  
strength.  I n  par t icu lar ,  thick-skin construction of t he  multiweb type 
(one of t he  configurations of current i n t e re s t  f o r  t h i n  wings) is con- 
sidered. This review i s  divided i n t o  two phases. The f irst  phase con- 
cerns room-iemperaiure s t a t i c  streagtli, p z t i c i i l a r l y  lii r3ga-d to the 
way the  sk in  allowable s t resses  a re  influenced by web supporting s t i f f -  
ness. The second covers correlat ion of strength with changes i n  mate- 
r i a l  propert ies .  

SYMBOLS 

The symbols used f o r  beam dimensions are indicated i n  f igure  1. 
These and other symbols used axe as follows: 

bA dis tance from r i v e t  l i n e  t o  web center l i ne ,  in .  

bS web spacing, in .  

b W  web height,  in .  

ESEC secant modulus, k s i  

f e f f e c t i v e  r i v e t  o f f se t  distance, i n .  
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t S 

t W 

U 

C Y  
U 

- 
uf 

were 

skin thickness, i n .  

web thickness, in .  

s t r e s s ,  k s i  

0.2-percent o f f se t  compressive yield s t r e s s ,  k s i  

average s t r e s s  a t  f a i l u r e ,  k s i  

STATIC STRENGTH ANALYSIS 

I n  an t ic ipa t ion  of the  t rend of thick-skin construction, s tud ies  
i n i t i a t e d  several  years ago of multiweb wing construction of t he  
i l l u s t r a t e d  i n  f igu re  1. This construction i s  characterized by type 

thick skins  which carry 90 percent or  more of the  bending moment and 
which a r e  supportedby a number of spanwise shear webs as indicated i n  
t h e  sketch at the  bottom of the  f igure .  
s t ruc t ion  f o r  analysis  i s  indicated i n  the  enlarged view a t  the  top of 
t h e  f igure.  The symbols fo r  t he  various dimensions used i n  t h i s  paper 
a r e  iden t i f i ed  i n  the  f igure .  

An idea l iza t ion  of t h i s  con- 

The allowable compressive stress f o r  the  sk in  i n  t h i s  type of con- 
s t ruc t ion  depends on the  r e s t r a i n t  offered t h e  skins  by the  in t e rna l  
webs. 
ence 1, buckling coef f ic ien ts  were computed for  t he  sk in  assuming an 
idealized in t eg ra l  type s t ruc ture  (as indicated in  the enlarged view i n  
f i g .  l), which provides a r i g i d  deflectiona.1 support for the  cover s k i m  
along the  web l i n e s .  Subsequent experimental results ( r e f .  2 )  on a sys- 
tematic s e r i e s  of bui l t -up beams, however, showed poor cor re la t ion  i n  
many cases w i t h  the  buckling behavior calculated from t h i s  analysis .  
Two b a s i c  types of cha rac t e r i s t i c  behavior a t  buckling were noted i n  
these t e s t s .  This behavior is i l lustrated i n  f igu res  2 and 3.  I n  beams 
of cer ta in  proportions the  mode of buckling t h a t  occurred corresponded 
t o  loca l  buckling as assumed i n  the  in t eg ra l  web ana lys i s .  As shown i n  
f igure 2, it i s  characterized by a s inusoidal  wave pa t t e rn  t h a t  i s  sup- 
pressed along the  web support l i n e s  so t h a t  the  buckles do not extend 
across the  support l i nes ,  and from bay t o  bay t h e  buckles appear out of 
phase. 
suppressed along the  web l ines ;  ins tead  they formed c r e s t s  and troughs 
extending across t h e  e n t i r e  width of t h e  beam as shown i n  f igu re  3. 
Here t h e  buckles might be considered " in  phase" across  the  beam. This 
in-phase buckling, which occurred a t  lower stresses than would be pre- 
dicted f o r  l o c a l  buckling, has been ca l l ed  "wink l ing  i n s t a b i l i t y .  

I n  a s t rength analysis  of multiweb construction given i n  refer- 

In beams of other  proportions, however, t h e  buckles were not 
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The reductions i n  buckling stress associated with wrinkling insta-  
Here experimentally measured buck- b i l i t y  a re  i l l u s t r a t e d  in f igu re  4. 

l i n g  coef f ic ien ts  are p lo t ted  as i n  reference 3 against  a parameter 
representat ive of t he  c e l l  geometry of the beam, namely t h e  r a t i o  of web 
height t o  thickness over t he  r a t i o  of web spacing t o  skin thickness. 
The cwve gives the  predict ion f o r  the  buckling stress coef f ic ien ts  
based on t h e  in t eg ra l  web analysis.  
the assumption of i n t eg ra l  type jo in t s  between webs  and cover skins  gives 
the upper l i m i t  t o  t he  buckling coeff ic ients  ac tua l ly  achieved, and f o r  
most of the thick-skin proportions the  measured coef f ic ien ts  were sub- 
s t a n t i a l l y  lower than the predictions.  

A s igni f icant  point  here is  t h a t  

The reason f o r  the  failure of fabr icated beams t o  achieve the  buck- 
l i n g  modes and stresses f o r  the  ideal ized in t eg ra l  web construction i s  
associated with the inherent f l e x i b i l i t y  of the attachment flanges and 
r ive ted  j o i n t s  between the webs and the skins. The source of t h i s  f l e x i -  
b i l i t y  i s  illustrated i n  figure 5. I n  actual  prac t ice  t h e  beam webs have 
an attachment f lange r ive ted  t o  the  skins at an o f f s e t  from the web plane. 
Because of the bending f l e x i b i l i t y  of t h i s  can t i lever  type connection, 
buckling of t h e  compression cover can occur by displacements r e l a t i v e  t o  
the tension cover; t h a t  is, t he  compression cover can move up or dawn 
r e l a t i v e  t o  the tension cover as if the compression cover w e r e  a w i d e  
column on an e l a s t i c  foundation. This mode of d i s to r t ion  in which the  
hi~.ckle def lec t ions  grow across the  supFort l i n e s  is i n  cont ras t  t o  the 
loca l ized  ro t a t iona l  d i s to r t ions  t h a t  are assumed t o  take place on local 
buckling of the  ideal ized in t eg ra l  web beam. 

An analysis  of the sup’porting s t i f f n e s s  provided t o  t h e  cover skins 
by t h i s  can t i lever  type connection m u s t  take i n t o  account not only t h e  
geometrical o f f s e t  of t he  r i v e t  l i n e  f r o m t h e  web plane, but  also m u s t  
attempt t o  evaluate the  loca t ion  of a l i n e  along which the r i v e t  pa t t e rn  
e f f ec t ive ly  clamps t h e  attachment f lange t o  the  skin. An important fac-  
t o r  influencing th i s  clamping is the pi tch and diameter of the r i v e t s  
used. In general, a given combination of geometrical o f fse t ,  r i v e t  
pi tch,  and diameter, w i l l  produce an ef fec t ive  o f f s e t  that does not coin- 
c ide  w i t h  the l i n e  of r i v e t s .  The effect ive of fse t  dis tance i s  denoted 
by the symbol f .  

An analys is  of the  strength of multiweb beams i n  which the  allowable 
compressive stress i n  the  skin i s  related t o  the e f fec t ive  r i v e t  o f f s e t  
d i s tance  f has recent ly  been made. Essentially,  t h i s  bending-strength 
theory i s  based upon the  behavior of a wide p l a t e  supported on f l e x i b l e  
l i n e  supports (see ref.  4). The f distance associated with various 
attachment flanges and r i v e t  pat terns  was determined empirically from a 
l a r g e  number of tests on skin-stringer compression panels ( r e f .  5), 
giving the  results shown i n  f igure  6. From t h i s  diagram t h e  r a t i o  of 
f t o  tW for a given attachment flange design can be determined f o r  
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specif ied values of t he  pitch-to-diameter r a t i o  fo r  t he  r i v e t s  and the  
r a t i o  of the  geometrical o f fse t  of the r i v e t  l i n e  
ness tW. 
t a n t  independently but only as it affected the  r a t i o  of p i t ch  t o  diameter. 
When t h e  
analysis  f o r  m u l t i w e b  beams, the  results are as shown i n  f igu re  7. The 
tes t  points  here a r e  for  t he  same beams as those shown i n  f igu re  4, and 
the  curves now represent f a i l i n g  stress coeff ic ients  calculated f o r  these 
beam proportions at  the  various indicated values of e f f ec t ive  r i v e t  off- 
set distance divided by the  web height. In  t h i s  s e r i e s  of beams the  
d e t a i l s  of t he  web sk in  j o i n t s  w e r e  held constant and only the  web height 
waq varied t o  give these values of Sa t i s fac tory  agreement i s  in- 
dicated between the  calculated curves and the  tes t  points  f o r  t he  corre- 
sponding beam proportions. 

bA t o  t h e  web thick- 
The absolute diameter of the  r i v e t  w a s  not found t o  be impor- 

f value is  read from t h i s  diagram and used i n  the  s t rength 

f/bW. 

The importance of the  o f f se t  dis tance i n  t h e  determination of t he  
f a i l i n g  s t rength i s  indicated by the  results of t e s t s  of four  beams 
( r e f .  6 )  i n  which all proportions were held constant except f o r  the  value 
of f/ tW. The r e s u l t s  of these tes ts  are shown i n  f i g u r e  8. For a 
change i n  value of f/tW from 9 t o  5, which represents a change i n  f 
of only 1/4 inch f o r  these beams, t he  ul t imate  stress was changed from 
approximately 30 k s i  f o r  t he  wide o f f se t  t o  nearly 50 k s i  f o r  t h e  small 
o f f se t .  
such as t h e  75S-T6 aluminum a l loy  used f o r  these  beams, subs t an t i a l  in- 
creases i n  s t rength can be obtained by improved connection design. 

The implication i s  c l ea r  t h a t ,  with high-strength materials 

A fu r the r  poss ib i l i t y  i s  tha t ,  i f  t r u e  in t eg ra l  construction were 
u t i l i zed ,  thereby eliminating the  attachment f lange and t h e  at tendant  
support f l e x i b i l i t y ,  a fu r the r  increase i n  ultimate s t rength  can be rea l -  
ized. For example, a recent l a rge  def lec t ion  analysis  of p l a t e s  supported 
i n  such a manner t h a t  the  p l a t e  edges are constrained t o  remain s t r a i g h t  
long a f t e r  buckling indicated ul t imate  p l a t e  compressive s t rengths  appre- 
ciably higher than had been obtained experimentally. According t o  t h i s  
ana lys i s  ( r e f .  7 ) ,  which was made f o r  24S-T3 aluminum al loy,  t h e  results 
of which a r e  p lo t ted  i n  figure 9 as calculated curves of average stress 
against  un i t  shortening, t h e  average stress i n  t h e  p l a t e  continues t o  
increase as t h e  p l a t e  shortens after buckling, with no maximum stress 
occurring within the  usually encountered range of shortening. 
calculat ions were made f o r  four  p l a t e  proportions buckling a t  the  four  
s t r e s s  l eve l s  indicated, and the  calculated (dashed) curves are compared 
i n  f igure  9 with load-shortening curves ( s o l i d )  measured f o r  p l a t e s  
tes ted  i n  V-groove edge f ix tu re s .  
V-groove f ix tu re s  probably corresponds qu i t e  c lose ly  t o  t h a t  of p l a t e s  
supported by s t i f f  webs as i n  a multiweb beam. That is, the  V-grooves 
are capable of forcing the p l a t e s  t o  buckle i n  a l o c a l  mode but assuredly 
f a i l  t o  prevent displacement of t h e  p l a t e  edges i n  t h e  post-buckling 
range of loading, with the result t h a t  a maximum load i s  reached at  
f a i r l y  small end shortenings. 

These 

The behavior of a p l a t e  t e s t e d  i n  
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The implication of t h i s  analysis  is  t h a t  t h e  provision of very st iff  
supports may increase the  ult imate strength of p la tes ,  but then t h e  high 
s t rength w i l l  not be achieved within the usual range of deformation. 
what t h i s  means i n  terms of a very t h i n  wing s t ruc tu re  is i l l u s t r a t e d  by 
the  frames taken from a shor t  movie (f ig .  10) of a test of a 4-percent- 
th ick  a i r f o i l  sect ion having a s ingle  so l id  shear web down i t s  center. 

The wing sec t ion  w a s  mounted horizontally in t h e  Langley combined 
load t e s t i n g  machine and loaded i n  pure bending by the  loading unit  
r i s i n g  and ro t a t ing  at  the  right-hand end of t h e  specimen. The bending 
moment continued t o  increase u n t i l  t h e  t e s t  was  halted,  because the  an- 
gular  t r a v e l  of the  loading un i t  was used up without f a i l i n g  the specimen. 

The t o t a l  t i p  ro t a t ion  was 35' i n  a specimen length of only 1- times t h e  
wing chord (see bottom frame of fig. 10).  
such as t h i s ,  if maximum load is  not achieved within the  usual range of 
deformation it becomes important t o  consider t he  def lect ions and rota-  
t i ons  associated w i t h  maximum load as w e l l  as the ultimate strength.  

1 
2 

Obviously, for very t h i n  wings 

EFFECT OF MATERIAL CHANGES ON ULTIMATE S-TH 

Because of the  e f f ec t s  of aerodynamic heating, the  e f f ec t s  of changes 
i n  wing mater ia l  are becoming of increasing in t e re s t .  Material proper- 
t i es  change with tmqergtllre I azd the 11;s~ nf new mste~ials t o  withstand 
elevated temperatures w i t h  respect t o  both s t i f f n e s s  and st rength must 
be considered. 

In order t o  predict  the  e f f ec t  of a change i n  material on the known 
strength of a beam constructed of another material ,  work has been done 
t o  determine how a cor re la t ion  of s t ruc tura l  s t rength w i t h  material  prop- 
e r t i e s  may be made. This work ( r e f .  8) shows that t h i s  cor re la t ion  can 
be effected by means of eas i ly  defined parameters determined by the  over- 
all shape of material compressive s t r e s s - s t r a i n  curves. For example, a 
mater ia l  parameter 
t h e  usual 0.2-percent o f f se t  compressive y ie ld  s t r e s s  and the  secant 
modulus t o  the  compressive s t r e s s - s t r a i n  curve at  the f a i l u r e  stress f o r  
the s t ruc tu re .  If the  f a i l u r e  s t r e s ses  of geometrically similar s t ruc-  
t u re s  are divided by t h i s  material  parameter, the  results are as shown 
i n  f igure  12 .  This f igu re  shows the  r e su l t s  of V-groove f i x t u r e  t e s t s  
t o  determine the ul t imate  s t rength of plates  of a number of width- 
thickness r a t i o s ,  t e s t ed  in materials having w i d e  vaia$iuus i n  yield 
s t r e s s  and slope of t he  s t r e s s - s t r a in  curve. 
magnesium al loy,  three aluminum alloys,  and two s t ee l s .  
mate s t rengths  of the p l a t e s  divided by the mater ia l  parameter a r e  
p lo t t ed  against  t h e  p l a t e  width-thickness r a t i o ,  the  t e s t  results f o r  
all mater ia l s  l i e  e s sen t i a l ly  along a single curve. 

q- can be defined (see f i g .  ll) which combines 

The materials used were a 
When the  u l t i -  

These r e s u l t s  are 
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typical of those found for other plate structures as well as for plates 
in V-groove fixtures, when tested at room temperature. 
nique appears to be applicable to the prediction of the reduction in 
strength of a given structure when subjected to elevated temperature. 
A convenient method of making short-time elevated-temperature strength 
predictions using this parameter is illustrated in figure 13. 

The same tech- 

From compressive stress-strain curves obtained for the material at 
various temperatures, a plot of a against IS divided by the material 
parameter can be made for each temperature. The rounding off of each 
curve corresponds to the changes in the secant modulus in the plastic 
range at the given temperature. The use of a plot such as this avoids 
the necessity for a trial-and-error procedure. To predict the steady- 
state elevated-temperature strength of a structure that fails at ap- 
proximately 62 ksi at 80' F, for example (fig. 13), the corresponding 
strength at elevated temperatures is found by dropping vertically at a 
constant value of the abscissa to the desired elevated-temperature curve 
and then reading the failure stress on the ordinate. This technique has 
been found to be applicable to structures such as skin-stringer panels 
and multiweb beams that fail by compressive crippling. When applied to 
multiweb beams, the results are shown in figure 14. 

The failing stresses for two multiweb beam configurations are plotted 
in figure 14 against the steady-state temperatures at which the tests were 
run. The curves represent failing stresses predicted by this method based 
upon room-temperature strength for beams at stabilized elevated tempera- 
tures, and the test points indicate the experimental values of failing 
stress. The accuracy of prediction here appears to be at least as sat- 
isfactory as found previously for correlation among entirely different 
materials at room temperature. 

CONCLUDING REMARKS 

The investigations reviewed indicate the important relation between 
the allowable stresses that can be developed in thick-skin, thin-wing 
structures and the web support stiffness provided to the skins. Strength 
analyses based upon the stiffness of riveted attachment flanges show that 
the ultimate bending strength of fabricated structures can be predicted. 
These analyses also show that the ultimate strength is extremely sensi- 
tive to small changes in the effective offset distance of the riveted 
flanges and increases substantially as the effective offset is decreased. 
Accordingly, the details of attachment flanges and connections become an 
important design and production consideration. These conclusions re- 
garding effects of geometry are independent of material properties. 
Satisfactory correlation with material properties of the strength of 
thick-plate type structures is obtained through use of a suitably defined 

c 
L 
b 
b 

r 
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material parameter. 
of the s t a t i c  strength of p l a t e  structures made of d i f fe ren t  materials 
or  subjected t o  d i f fe ren t  steady-state temperature environments. 

This parameter appears t o  give good correlat ions 
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4. SOME STRUCTURAI; EFFEXTS OF AEX3ODYNAMIC HEATING 

By R. R. Heldenfels, E. E.  Mathauser, and W. A.  Brooks 
Langley Aeronautical Laboratory 

INTRoDucTIoIv 

The s t r u c t u r a l  e f f ec t s  of aerodynamic heating have become the  sub- 
j e c t  of much research i n  recent years because they limit f l ight  speeds 
a t t a inab le  in the  atmosphere. 
e f f ec t s  (refs. 1 t o  3, e.g.) ,  but some aspects of t he  r e su l t i ng  s t ruc-  
t u r a l  problems a r e  s t i l l  only vaguely understood o r  as yet  uninvestigated. 
This paper will review some of these e f f ec t s  t h a t  may be s ign i f i can t  in 
the  design of man-carrying a i r c r a f t  that f l y  a t  moderate supersonic 
speeds. 
NACA research, both published and unpublished. 

Many papers have been wr i t ten  about these 

The e f f e c t s  discussed w i l l  be i l l u s t r a t e d  by examples taken from 

" F ' m T U R E S  ENCOuNlTERED IN FLIGHT 

Before discussing the  s t r u c t u r a l  problems, the  temperatures exper- 
ienced by supersonic a i r c r a f t  w i l l  be considered. The magnitude of t h e  
maximum temperatures encountered is shown i n  f igure  1, which is t h e  
familiar p l o t  of adiabat ic  w a l l  tenperatwe against Mach number f o r  an 
a l t i t u d e  of 40,000 f e e t .  The adiabat ic  wall temperature i s  the equi- 
l i h - 5 ~  te;cprat*m- st+&ked st the m r f ~ c e  nf an a i r c r a f t  s t ruc tu re  
during sustained fl ight.  It can be seen that the  temperatures are be- 
yond human endurance at  M = 2 
mater ia ls  becomes a problem. A t  higher speeds, s t r u c t u r a l  materials 
lose s t rength,  and sustained f l i g h t  for even p i l o t l e s s  a i r c r a f t  is  impos- 
sible without subs tan t ia l  cooling. 

and that t h e  f a i l u r e  of c o m n  a i r c r a f t  

The s t ruc tu re  does not attain these temperatures instantaneously 
because of t he  heat capacity of t h e  s t ructure  and the  time required f o r  
heat t o  be t ransfer red  from t h e  boundary l aye r  t o  the  s t ruc ture .  
temperature l a g  is very benef ic ia l ,  since shor t  f l i g h t s  are possible  at 
high Mach numbers without excessively high tenperatures. The times in- 
volved depend on t h e  f l i g h t  path and the  configuration of the s t ruc ture .  
An example of t he  t e q e r a t u r e  h is tory  of a representat ive a i r c r a f t  s t ruc-  
t u r e  is  given i n  f igure  2. 
t u r e s  a r e  p l o t t e d  against t i m e  in minutes f o r  a short  flight at 40,OOO 
f e e t  a l t i t u d e .  The airplane,  i n i t i a l l y  cruis ing at  Mach n&er 0.75, 
errelm-ates at  1 g t o  Mach number 3.0 and then f l ies  s t ead i iy  at this 
speed. 
that forms a rmltiweb beam. 
skin and for a point on the center  l i n e  of the web. 
ad iaba t ic  wall temperature with time is  also included. 
that considerable time is required f o r  the skin t o  s t a b i l i z e  at 
and t h a t  t h e  i n t e r i o r  temperature lags the skin temperature. 

Th i s  

The Mach number and two s t r u c t u r a l  tempera- 

The s t ruc ture  considered is  one of the  skin and web conibinations 
The temperature is shown f o r  a point on the  

The va r i a t ion  of 
The curves show 

TAW 
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Uniforn elevated 
temperature 

- _ ~  
Nonuniform 

temperature 
d i s t r ibu t ion  

The maxbum temperature difference occurs at  about 1 . 2  minutes. 
The temperature d i s t r ibu t ion  at th i s  time i s  shown i n  f igure  3 ,  which 
presents details  of t he  s t r u c t u r a l  component, t he  temperature d i s t r ibu -  
t i o n  along t h e  surface, and the  temperature var ia t ion  down t o  the  center  
l i n e  of the web. The rapid heating experienced by t h i s  s t ruc tu re  has 
resulted i n  temperature differences that w i l l  induce thermal s t r e s ses .  
The nature of these thermal s t r e s s e s  is  considered i n  more detai l  l a t e r .  

Loss of s t rength 
and s t i f f n e s s  

Creep 

Thermal s t r e s ses  
Reduced s t i f f n e s s  
Buckling 

STRUCTURAL EFFl3CTS 

The times and temperatures associated w i t h  aerodynamic heating of 
s t ructures  can be used t o  c l a s s i f y  some of the  more important s t r u c t u r a l  
e f f ec t s .  In the  following table, these  e f f ec t s  are divided i n t o  two 
groups, those resu l t ing  from uniform elevated temperatures and those 
resu l t ing  from nonuniform temperature d i s t r ibu t ions  produced by changing 
f l i gh t  conditions : 

- 

1 Struc tura l  e f f ec t s ]  

"he general  nature of the e f f e c t s  l i s ted is  t h e  same regardless  of 
temperature l e v e l  o r  Mach nuniber, but t h e  magnitude and r e l a t i v e  impor- 
tance of these e f f ec t s  w i l l  vary with t h e  f l igh t  condi t ions.  Insu la t ing  
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o r  cooling t h e  s t ruc ture  can grea t ly  a l l ev ia t e  these problems by reducing 
both the  tenrperature l e v e l  and temperature differences.  Likewise, b e t t e r  
materials could grea t ly  reduce o r  eliminate these problems which a r i s e  
because materials expand and lo se  s t rength as tenrperature increases.  
The s t r u c t u r a l  designer can a l s o  p a r t i a l l y  solve these problems by de- 
v i s ing  s t ruc tu res  t h a t  are not susceptible t o  aerodynamic heating ef- 
f ec t s ,  pa r t i cu la r ly  those a r i s i n g  from rapid heating. I n  the  remainder 
of t h i s  paper t he  e f f ec t s  shown i n  the  tab le  w i l l  be discussed i n  
grea te r  d e t a i l .  
a r e  considered f i rs t .  

The s t r u c t u r a l  e f f e c t s  of uniform elevated temperatures 

Uniform Elevated Tenperatwe 

Elevated temperatures produce changes I n  mater ia l  propert ies ,  such 
as loss of ul t imate  t e n s i l e  s t rength  as shown in f igure  4. Ultimate 
t e n s i l e  stress of 24S-T3 aluminum a l loy  i s  p lo t t ed  against  temperature 
f o r  preheating times, t.hat is, time exposed t o  temperature before load- 
ing, ranging from 1/2 t o  1000 hours (ref. 4 ) .  A l a rge  decrease i n  the  
ul t imate  t e n s i l e  s t r e s s  can be noted f o r  temperatures above 5ooo F and 
f o r  increased preheating times. A small increase i n  s t rength occurs 
f o r  long preheating times at about 300° F because of a r t i f i c i a l  aging. 
The s t i f f n e s s  of the  material ,  as given by the  e l a s t i c  modulus, a l s o  

icant  e f f e c t .  The elevated-texqerature properties of s t r u c t u r a l  mate- 
rials and the  most e f f i c i en t  materials f o r  various s t r u c t u r a l  appl icat ions 
are discussed in  paper number 5. 

&cys a r e & ~ & i ~ c  ~ 5 t h  fnmnnrafiire bil+ prphpFl+i~g t & p  hcs 20 sigqif- "-----"- f 

Information of the  type shown here ca.n be used d i r e c t l y  i n  the  
design of t e n s i l e  members such as t h e  tension cover p l a t e  of a box 
beam; however, determination of the  elevated-temperature s t rength  of 
campression members is more cmplex, because both mater ia l  and s t ruc-  
tural proper t ies  must be considered. Previous invest igat ions have shown 
that, i f  t h e  behavior of compressive members is  known a t  room t eqe r -  
ature ,  t h e  behavior of these members a t  elevated t e q e r a t u r e  can be pre- 
d ic ted  s a t i s f a c t o r i l y  by subs t i tu t ing  t h e  elevated-temperature stress- 
s t r a i n  c u e  f o r  t he  root-temperature curve ( r e f .  5) .. Methods f o r  pre- 
d i c t ing  t h e  compessive s t rength of wing s t ruc tures  w e  discussed in the 
preceding paper. 

m-p t ~ ~ h n i q i ~ ~ c :  &t.n_jced f r ~ m  sij.ch ~ t . i i -d i e s  w e r p  ap~l i e d  i n  an i n -  
ves t iga t ion  of the s t a t i c  s t rength and creep behavior of box beams a t  
elevated temperatures ( r e f .  6 ) .  
box beams used i n  t h i s  invest igat ion a r e  shown in f igure  5. 
w e r e  96 inches long supported at  the  center and loaded at the  t i p s .  
beam had f i v e  webs and w-as tapered i n  depth as shown. 

Detai ls  of t he  aluminum-alloy multiweb 
The beams 

Each 
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S t a t i c  strength.  - Results obtained f romthe  s t a t i c  s t rength inves- 
t i ga t ioo  a r e  shown i n  figure 6. 
sion cover p la tes  of the box beam is p lo t ted  against temperature fo r  
preheating times of 1 /2  and 2 hours. The t e n s i l e  s t rength of the  cover 
p la te  was obtained from the material data shown i n  f igure 4. The com- 
pressive s t rength was determined from material  s t r e s s - s t r a in  curves and 
the  given c r o s s - s e c t i o m  geometry; t h i s  strength corresponds approxi- 
mately t o  the compressive y ie ld  stress of the material .  These curves 
indicate that the tensJon cover is  stronger at  a l l  temperatures f o r  
1/2-hour preheating time, and consequently compressive f a i l u r e  of the  
beams is  expected. For 2-hour preheating, the  tension cover is  stronger 
up t o  approximEctely 375OF. Above t h i s  temperature, the  s t rength of the 
cover p l a t e s  i s  approximately equal. Thus, for t h i s  preheating time, 
e i the r  type of bean f a i l u r e  may occur, depending on the  temperature. A 
comparison between these predictions and l imited t e s t  data i s  shown; the 
c i r c l e s  represent coqres s ive  f a i l u r e  of t he  beams and the  square indi-  
cates t e n s i l e  f a i lu re .  These t e s t  r e su l t s  a r e  i n  agreement with the  
predict ions. 

The strength of the tension and compres- 

Creep. - The resu l t s  of three creep t e s t s  on the  multiweb beams a r e  
shown i n  f igure  7.  Tip def lect ions determined experimentally are p lo t ted  
against time. The t e s t  temperatures, the maximum bending s t resses ,  and 
the  applied load expressed as a percentage of the  load tha t  would produce 
immediate f a i l u r e  of the box beam at the  test temperature a r e  indicated. 
The percentages w i t h  t he  425O F t e s t s  are based on the  same short-time 
load; that with the 375' t e s t  is  based on a s l i g h t l y  higher v d u e .  A t  
425' F, the beams f a i l e d  i n  r e l a t ive ly  few hours when the applied loads 
were only 56 and 6 1  percent of t h e  load required t o  produce immediate 
f a i lu re  a t  t h i s  temperature. I n  addition, a t  the  425' F test  tempera- 
ture,  a decrease of about 10 percent i n  the applied load. increased the 
l i fe t ime approximately 70  percent. 

Tensile rupture f a i l u r e  occurred i n  two of t he  creep t e s t s ,  but 
the beam t e s t e d  a t  425' F with 56 percent of the  short-time load applied 
experienced a buckling f a i l u r e .  
not held at 425' F continually but was cooled t o  room temperature and 
reheated t o  425' F at the  times indicated by the  t i c k  marks. 
at room temperature is  not included on t h e  p lo t .  

I n  t h i s  pa r t i cu la r  t e s t ,  t he  beam was 

The time 

Attemgts were made t o  predict  t he  type of f a i l u r e  i n  the creep 
t e s t s ;  however, the  r e su l t s  were not successful. The predict ion of 
creep buckling of the  compression cover p l a t e  requires a knowledge of 
the creep behavior of p la tes  that is  not avai lable  at present .  
f a i l u r e  of the tension cover is assumed t o  occur, however, the time t o  
f a i lu re  can be predicted s a t i s f a c t o r i l y  from material t e n s i l e  creep 
data. 

When 
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Figure 8 shows t e n s i l e  rupture stress p lo t t ed  against a t i m e -  
temperature parameter ( r e f .  7 ) .  
predict ing f a i l u r e  time f o r  the  tension cover. 
parameter, TR is temperature i n  %, t 
1 7  is a material constant.  
from 300° t o  600' F define the master rupture curve. 
test results are indicated by the  l a r g e r  symbols. 
symbols represent t e n s i l e  failure of t he  beams, and compressive failure 
is denoted by t h e  l a rge  s o l i d  symbol. 
s ive  f a i l u r e  of the  beam occurred i n  a shorter  time than w a s  predicted 
f o r  t e n s i l e  failure. 

Data i n  this form are convenient f o r  

i s  rupture time i n  hours, and 
I n  the time-temperature 

The r e s u l t s  of t e n s i l e  creep tests ranging 
The box-beam creep 

The two la rge  open 

In t h i s  p a r t i c u l a r  case, c o q r e s -  

If it is assumed that the  l imited results shown f o r  the  box beams 
can be extended t o  a m r e  general invest igat ion of t he  e f f e c t s  of creep 
on the weight of an a i r c r a f t  wing s t ructure ,  results such as shown i n  
f igure  9 can be obtained. The increase in w e i g h t  of a 24S-T3 aluminum- 
a l loy  Multiweb beam, similar t o  those used i n  the  test  program, is  p lo t t ed  
as a function of temperature. The s o l i d  l i nes  indicate  t h e  w e i g h t  of a 
beam designed t o  support a given load f o r  1/2, 10, and lo00 hours. The 
dashed l i n e s  ind ica te  the  weight of a beam that fails  immediately at  the  
given design load a f t e r  preheating times of 1/2, 10, and 1000 hours. 

In  t h i s  example, which concerns a pa r t i cu la r  family of ImiLtiweb 
beams, preheating and creep increase the  weight of the  beam consider- 
&ly, e s p e c l d i y  at  the h igher  teqttraiures. Tne l a rges t  part of the 
weight increase r e s u l t s  from loss  of material  s t rength  caused by pre- 
heating before load is  applied.  For e x q l e ,  i f  the beam is preheated 
f o r  1000 hours at  400' F and is designed t o  have the same ult imate  load 
after th i s  preheating as at  room temperature, the  beam weight increases 
t o  2.30 times the room-temperature w e i g h t .  If the beam i s  designed f o r  
a creep l i f e t i m e  of 1000 hours - that is, the beam is required t o  sup- 
port  the given load f o r  1000 hours w h i l e  a t  400' F - an addi t iona l  
weight increase of approximately 15 percent i s  required.  Thus the  
severest  case f o r  t he  beam, that is, supporting t h e  given load contin- 
ua l ly  while at temperature, requires only a 15-percent w e i g h t  increase 
over that required f o r  the preheating case. 
pected t o  encounter design loads only a small percent'age of ac tua l  
f l y ing  time, it appears that f o r  aluminum-alloy s t ruc tures  a t  elevated 
temperatures, the  major port ion of the  increased weight w i l l  r e s u l t  
from loss of material s t rength  with exposure; an addi t iona l  but  less 
s ign i f i can t  weight increase w i l l  r e s u l t  f rom material creep. 

Since airplanes are ex- 

Nonuniform Temperature Distr ibut ion 

Primary thermal s t r e s ses .  - Turning now t o  problems associated w i t h  
rap id  heating, consider f i rs t  the nature of thermal s t r e s s e s .  
viously mentioned, thermal s t r e s ses  a r e  developed, i n  general, when the  

A s  pre- 
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thermal expansion of a body i s  not uniform. 
be determined from t h e  equations of e l a s t i c i t y ,  provided the  s t r e s s -  
s t r a i n  re la t ions  are modified t o  include thermal expansion. 
l ished techniques of t he  theory of e l a s t i c i t y  provide considerable in-  
s ight  t o  the  nature of thermal s t r e s ses  i n  simple bodies, but f o r  ac tua l  
s t ructures  the  appi icat ion of these techniques i s  often d i f f i c u l t  and 
impractical. 
thermal s t r e s s  problems i f  one accepts the  usual l imi ta t ions  of beam 
theory; that is, secondary stresses are unimportant. 

These thermal s t r e s ses  can 

The estab- 

However, a simpler approach ( r e f .  8) can be used t o  solve 

The elementar-r theory that plane sections remain plane y ie lds  the  
following equations: 

Load s t r e s s :  

aL = E(& + 

where 

Equation (1) is  the  familiar stress equation r e su l t i ng  from applied 
moments and a x i a l  loaci. Equation ( 2 )  i s  an analogous form f o r  thermal 
s t resses  i n  a shell-type s t ruc tu re .  The f i r s t  term i n  equation ( 2 )  i s  
t h e  s t r e s s  t h a t  r e su l t s  from complete r e s t r a i n t  of thermal expansion. 
The terms within the brackets provide the  stress r e l i e f  t h a t  occurs when 
the  expansion is only p a r t i a l l y  res t ra ined,  as is  t h e  case when thermal 
s t resses  a r i s e  from unequal expansion of p a r t s  of a f r e e  body. The f i r s t  
term Fnside the  brackets i s  analogous t o  
required t o  s a t i s f y  thrus t  equilibrium. The last two terms are analogous 
t o  Mc/EI and ensure moment equilibrium f o r  unsymmetrical temperature 
d is t r ibu t ions .  I f  t he  d i s t r i b u t i o n  of E d  Over t h e  a rea  i s  uniform 
o r  l inear ,  the  terms within the  brackets  add up t o  
tha t  the thermal stress is zero. 

P/EA and i s  the  relaxat ion 

d, with the  r e s u l t  
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If the  temperature d i s t r ibu t ion  is nonuniform and the  temperatures 
are s u f f i c i e n t l y  high, the  modulus of e l a s t i c i t y  w i l l  vary across the 
area and w i l l  d i f f e r  from the rom-tenperatwe value. By defining EA 
and the  E I ' s  as shown i n  equation (3), the e f f ec t s  of t he  var iab le  
modulus of e l a s t i c i t y ,  whether r e su l t i ng  from t e q e r a t u r e  var ia t ion  o r  
t he  use of d i f f e ren t  ma te r ids ,  are included i n  the s t r e s s  analysis. 

If these equations a re  applied t o  a simple beam with the  cross 
sect ion and temperature d i s t r ibu t ion  shown i n  figure 3, the  results 
shown in f igure  10 a re  obtained. 
f o r  a representat ive portion of the  section, the s t r e s s  being plotted 
against dis tance measured along the  upper skin t o  the  web, down through 
the  web t o  t h e  lower skin, and then along the lower skin.  The load 
s t r e s ses  produced by a bending moment are indicated by the dashed curve. 
A s  usual i n  a wing s t ructure ,  there  are compression s t r e s ses  i n  the  upper 
sk in  and tension i n  the lower skin. The so l id  curve represents the  the r -  
mal s t r e s ses  produced by the texuperature d is t r ibu t ion  of f igure  3. 
thermal s t r e s ses  produce some campressior, in both skins and tension i n  
the  web. It is  evident that when t h e  load  and thermal stress a r e  super- 
imposed, t h e  stress condition i n  the compression skin is aggravated, 
whereas that i n  the  tension skin is al leviated.  

Two s t r e s s  d i s t r ibu t ions  a r e  shown 

The 

The f a c t  that thermal s t r e s ses  aggravate t h e  stress condition on 
some port ions of t he  beam is a serious design problem. Design ingenuity 
can be used, however, t o  reduce the thermal s t r e s ses  and a l l e v i a t e  t he  
problem. 
the  coe f f i c i en t s  of thermal expansion may be favorably altered by using 
d i f f e ren t  mater ia ls  f o r  skin and web, or the mutual r e s t r a i n t  ex i s t ing  
between t h e  skin and the  web m y  be reduced. 
ing the  degree of r e s t r a i n t  between the  skin and the web seem t o  o f f e r  
t h e  bes t  remedy f o r  general use.  
very l i t t l e  r e s t r a i n t  t o  the  thermal expansion of the skin,  while con- 
t inu ing  t o  perform i ts  function of preventing premature skin buckling, 
t h e  thermal s t r e s ses  would be negl igible .  

For example, the area r a t i o  of the skin and web can be changed, 

O f  these approaches, chang- 

If the web were designed t o  provide 

Figure 10 a l s o  shows t h a t  the  thermal s t r e s ses  and t h e  load stresses 
are dissimilar i n  d is t r ibu t ion ,  a fact tha t  must be cQnsidered i n  a stress 
ana lys is  based on a s implif ied ideal ized representation of t h e  s t ruc ture .  
For the  load-stress  problem, the  maximum s t r e s s  occurs i n  t h e  skin and 
is uniform over the  skin.  
over t h e  skin,  and subs tan t ia l  s t r e s ses  occur i n  the web; in fac t ,  in 
th is  example the  maximum thermal s t r e s ses  a re  i n  the web. 

In  the  thermal-stress problem the s t r e s s  varies 

Secondary thermal s t r e s ses .  - The preceding discussion has been 
concerned with the  primary thermal s t resses .  Secondary t h e m  s t r e s ses  
a r i s e  from s t r e s s  diffusion i n  the v ic in i ty  of d i scont inui t ies  i n  the 
s t r u c t u r e  o r  spanwise temperature d is t r ibu t ion .  Stress  d i f fus ion  re- 
sults from shear deformation of t he  s t ructure  combined with boundary 
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conditions t h a t  a r e  not consis tent  with elementary theory.  Although 
bas ica l ly  s i m i l a r ,  t he  s t r e s s  diffusion problems of load and thermal 
s t resses  d i f f e r  i n  d e t a i l  because of differences i n  the  elementary 
stress d i s t r ibu t ion .  
thermal s t r e s ses  presents a thermal-stress diffusion problem not usually 
present i n  the  load case, although it i s  bas ica l ly  similar 
out problem. 

I n  addition, t he  free end of a beam subjected t o  

t o  the  cut-  

The di f fus ion  of thermal s t r e s ses  near a f r e e  end can be demon- 
s t r a t ed  by a stress analysis  of t he  simple s t ruc tu ra l  element shown i n  
figure 11. The rectangular f l a t  p l a t e  subjected t o  a t en t - l i ke  tempera- 
t u re  d i s t r ibu t ion  i s  a simplified s t ruc tu re  susceptible t o  ana lys i s  and 
has p rac t i ca l  s ignif icance because it resembles the  sk in  panel between 
adjacent webs of a multiweb beam. The temperature difference AT induces 
t h e  thermal s t resses ;  the  edge temperature ex i s t s  uniformly over t h e  
p la te  and thus produces no thermal stress. 
volved i n  t h i s  example are a t  a low l eve l ,  and thus any changes i n  
material  propert ies  from those a t  room temperature may be neglected. 
Because of t h e  symmetry of t he  temperature d i s t r ibu t ion ,  only t h e  
shaded quadrant need be considered i n  the stress ana lys i s .  

The t o t a l  temperatures in -  

Figure 1 2  shows the  th ree  types of thermal s t r e s s  produced i n  t h e  
midplane of t he  p l a t e  by the  temperature d i s t r ibu t ion  of f igu re  11. 
The d i s t r ibu t ions  of t he  longi tudinal  d i r e c t  stress 
d i rec t  s t r e s s  u and the  shear s t r e s s  zxy a r e  shown, each stress 

d i s t r ibu t ion  consis t ing of a t ransverse and longi tudinal  p lo t  of t h e  
pa r t i cu la r  stress along t h e  l i n e  where t h e  maximum values occur. Along 
t h e  t ransverse center  l i n e ,  t he  longi tudinal  d i r e c t  stress ux has i t s  
maximum values and i s  approximated by elementary theory.  However, t he  
transverse edges of t he  p l a t e  are s t r e s s - f r ee ,  and ux decays t o  zero 
a t  the t ransverse edges. Both the  t ransverse d i r e c t  s t r e s s  uy and the  

r e s u l t  from t h e  condition t h a t  ux must be zero a t  
XY 

shear stress ‘I; 

t h e  t ransverse ends of t he  p l a t e .  These s t r e s ses  were calculated by the  
energy method and were published along with some experimental measure- 
ments t h a t  agree well  with calculated values ( r e f .  9 ) .  Substant ia l  com- 
pression s t r e s ses ,  both t ransverse and longi tudinal ,  e x i s t  a t  t h e  center  
of the p la te ,  and it could be expected t o  buckle as a r e s u l t  of these  
stresses. I n  f a c t ,  t he  s t r e s ses  shown a r e  t h e  theo re t i ca l  thermal 
buckling s t r e s ses  f o r  t h i s  p l a t e  when it i s  simply supported a t  t h e  
edges. 

ux, t he  t ransverse 

Y, 

Buckling. - The buckling of t h e  p l a t e  w a s  invest igated both theo- 
r e t i c a l l y  and experimentally ( r e f .  10) with t h e  r e s u l t s  shown i n  f igu re  
13. The temperature difference AT i s  p lo t t ed  against  wa, t he  center  
def lect ion t h a t  ex i s t s  i n  addi t ion t o  t h e  i n i t i a l  cen ter  def lec t ion  
The c r i t i c a l  temperature difference,  determined by small deflect ion 

wi. 
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theory, and t h e  growth of center deflection, given by la rge  def lec t ion  
theory, a r e  shown by the  upper curve f o r  a pe r fec t ly  f la t  p l a t e .  The 
lower curve i s  given by l a rge  def lec t ion  theory f o r  a p l a t e  with i n i t i a l  
curvature s imi la r  t o  the  buckling mode and with an i n i t i a l  center  de-  
f l e c t i o n  equal t o  18 percent of t h e  p l a t e  thickness.  
measurements f o r  such a p l a t e  are a l s o  shown. It i s  evident t h a t ,  as 
far as  buckling is  concerned, the  behavior of t h e  p l a t e  under thermal 
s t r e s s  i s  very s i m i l a r  t o  i t s  behavior under an applied compressive 
load, with one exception not shown; t h a t  is, thermal buckling is  in -  
dependent of the  modulus of e l a s t i c i t y .  

Some experimental 

A t  the  c r i t i c a l  temperature difference, calculated by small de- 
f l e c t i o n  theory f o r  t he  f la t  p la te ,  the  def lect ion of t he  i n i t i a l l y  
curved p l a t e  is  r e l a t i v e l y  small and approximately equal t o  the  p l a t e  
thickness.  Thus, the  small-deflection-theory c r i t i c a l  temperature 
difference,  although somewhat unconservative, i s  a good approximation 
t o  the  thermal buckling of the  i n i t i a l l y  curved p l a t e .  

Reduced s t i f f n e s s .  - Some objectionable r e s u l t s  of buckling a r e  
the  deformation of aerodynamic surfaces and reduction of s t i f fnes s .  
However, t he  reduction of s t i f f n e s s  i s  not confined t o  the  buckling 
or post-buckling region. Loads well  below t h e  buckling load w i l l  a lso  
cause reductions i n  s t i f fnes s  t h a t  may be indicated by changes i n  t h e  
na tura l  frequencies of v ibra t ion  and increased def lect ions under load. 

Figure 1 4  i l lustrates  reduction of s t i f fnes s  due t o  thermal stresses. 
On the  l e f t ,  center  def lect ion produced by a l a t e r a l  pressure load i s  
p lo t t ed  as a funct ion of t h e  temperature difference, or thermal s t r e s s ,  
i n  t he  simply supported p l a t e .  
the  def lec t ion  increases without change i n  t he  load.  When the  tempera- 
t u r e  difference approaches i t s  c r i t i c a l  value, t he  center def lec t ion  of 
t he  p l a t e  t heo re t i ca l ly  becomes i n f i n i t e ,  which is  equivalent t o  zero 
s t i f f n e s s .  A similar e f f ec t  on frequency change i s  shown on the  r i g h t ,  
where t h e  frequency of t he  first two symmetrical modes i s  p lo t ted  as a 
function of temperature difference.  A very subs tan t ia l  decrease i n  the 
frequency of the  first symmetrical mode, which i s  similar t o  t h e  buckling 
mode, i s  evident.  The second mode does not show as la rge  a percentage 
decrease i n  t h e  temperature range considered. The r e s u l t s  shown were 
obtained from small deflect ion theory and thus a r e  i n  e r ror  near t he  
points  of t h e o r e t i c a l  zero s t i f fnes s ;  elsewhere the  r e s u l t s  should be 
va l id .  Again it should be emphasized t h a t  t h e  e f f e c t s  shown i n  t h i s  
f igure  do not r e s u l t  from changes i n  material propert ies ;  they r e s u l t  
f r o m t h e  s t r e s s e s  i n  the  midplane of the  p la te .  Any midplane s t r e s s ,  
whether load or thermal, would produce similar results; but  t he  net 
e f f ec t  on t h e  s t ruc tu re  would d i f f e r  because of basic  differences i n  
t h e  d i s t r i b u t i o n  of load and thermal s t resses .  

As the  temperature difference increases,  
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CONCLUDING RENARK3 

Some of t h e  s t r u c t u r a l  e f f ec t s  of aerodynamic heating have been 
described and i l l u s t r a t e d  with examples from NACA research. 
considered may be s ign i f i can t  f ac to r s  i n  t h e  design of supersonic air-  

The e f f e c t s  

c r a f t ,  but considerable research i s  needed 
nature and magnitude. 

t o  determine t h e i r  exact 
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5. so-ME C O N S I ~ I O R S  OH AlRcRAFr smucTuRAL MATWIALS 

FCW HIM-SPEED FLIGHT 

Mechanical 

PhVRjCSlf 

By George J. Heimerl 
Langley Aeronautical Laboratory 

Strength 
st ifmes 8 

Creep 

Tht3?.?D31 

Unt i l  recent ly ,  there hae been no immediate need f o r  concern aa t o  
the e f f e c t s  of elevated temperaturss on the propert ies  of a i r c r a f t  
s t r u c t u r a l  materials except i n  regions close t o  power-plant systema. 
Supersonic speeds of Mach 2 t o  2.5 have now been achieved however, 
and boundary-layer temperatures have r i s en  as much as 450 F. 
speeds increase s t i l l  further, the effect8 of elevated temperatures on 
the propert ies  of s t r u c t u r a l  mater ia ls  w i l l  cons t i tu te  one of the major 
obstacles t o  very hi@-speed fli@pt. 

6 A8 

Same of the material propert ies  requir ing consideration under 
elevated-temperature conditions are aa fo l lows:  

Propert ies  of m t e r i a l e  

This paper i s  concerned chief ly  w i t h  the e f f e c t s  of elevated tempera- 
tures on the mechanical propert ies  of strength,  s t i f f n e s s ,  and creep; 
and, except f o r  the weight, the physical propert ies  w i l l  not  be taken 
i n t o  mcount, although they a l so  play an important p a r t  i n  material 
and s t r u c t u r a l  behavior at elevated temperatures. 

The chief e f f e c t  of elevated temperatures on materials is t o  alter 
t h e i r  propert ies .  
t he  extent  depending upon the material, the  exposure time, and the 
temperature. The st rength problem w i l l  be d i f f i c u l t  t o  cope w i t h  be- 
cause of the varied temperature and exposure conditions which w i l l  be 
%he rule rather than the  exception under ac tua l  flit&% conditions. 
S t i f fnees  is an important consideration in the design of high-speed 

excessive d i s to r t ion .  
temperatures, it for tuna te ly  is independent of time e f f e c t s  as long 88 

the material remains e l a a t i c .  

Ordinarily, the s t rength and s t i f f n e s s  are reduced, 

n_lrcr.rE?_f-t;. hecnllga ef +&a gy?n+.pr pe_n_nihilit.z Qf fllJ.tterj divergence, or 
Although the stiffness is  reduced by elevated 
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A t  elevated temperatures, materials tend t o  creep or s t r a i n  while 
under load. This time-dependent s t r a i n  may require  consideration, as 
permanent s e t ,  excessive d i s to r t ions ,  and even rupture  may occur under 
t e n s i l e  loading. Creep buckling of s t r u c t u r a l  elements loaded i n  com- 
pression may a l s o  take place.  A s  high-speed f l i g h t  w i l l  be maintained 
only f o r  r e l a t i v e l y  shor t  periods of time, short-time creep behavior 
w i l l  have t o  be taken in to  account. Cumulative e f f e c t s  over longer 
p e r i o d s ,  however, w i l l  a l s o  need t o  be considered. Some of these ef- 
f e c t s  a r e  covered i n  paper 4 on "St ruc tura l  Aspects of Aerodynamic 
Heating. " 

( 
( 

1 

Many mater ia ls  t h a t  a r e  sa t i s f ac to ry  f o r  use a t  normal temperatures 
may corrode or oxidize badly at  elevated temperatures. Materials may 
require  spec ia l  surface protection or treatment if they a r e  t o  be 
serviceable under such conditions.  A t  elevated temperatures, t h e  
weight of t h e  a i r c r a f t  s t ruc tu re  is  as primary a consideration as at  
normal temperatures. Consequently, the weight as wel l  as the s t rength  
of the materials must be taken in to  account f o r  the  d i f f e ren t  s t ruc -  
tural  appl icat ions.  

Three examples i l l u s t r a t i n g  the  e f f e c t  of temperature and time on 
the properties of materials w i l l  now be given. 
show6 the  e f f e c t  on the  t e n s i l e  y i e ld  s t r e s s  f o r  a high-strength alumi- 
num al loy 75S-T6 ( f i g .  1). The so l id  curves m e  obtained from stress- 
s t r a i n  t e s t s  under constant temperature and s t r a i n  r a t e  conditions f o r  
various exposure t i m e s .  
posure i s  about half  t h a t  a t  normal temperatures. Longer exposure 
times reduce the  stress s t i l l  fu r the r .  The dashed curve is obtained 
from teats i n  which the  material i s  kept under constant load while it 
i s  heated a t  1000 F p e r  second u n t i l  y i e l d  and f a i l u r e  occur. 
case,  a considerable increase i n  y i e l d  stress i s  found over t h a t  ob- 
tained from t e s t s  at constant temperatures f o r  l/2-hour exposure. 
Consequently, temperature, t i m e ,  and hea t ing  rate may all be important 
f ac to r s .  

The f irst  of these 

A t  4000 F, the y i e l d  stress f o r  1/2-hour ex- 

I n  this 

An example of the possible  magnitude of the  creep obtained for 
shor t  times under load is  shown i n  f i g u r e  2 (ref. 1) by des i@ curves 
f o r  the same aluminum a l loy  a t  500' F. These r e s u l t s  w e r e  obtained 
from short-time creep t e s t s  i n  which the  material w a s  first loaded and 
then heated a t  70' F p e r  second t o  the  t e s t  tempera ture .  
show the  s t r e s s  required t o  produce d i f f e r e n t  amounts of t o t a l  s t r a i n  
In  various times. A 1-percent t o t a l  s t r a i n  occurs i n  only 1 minute 
f o r  a s t r e s s  of about 22 ks i .  
permanent creep s t r a i n ,  a 0.2-percent permanent s t r a i n  occurs In about 
20 minutes a t  15 k s i  a t  t h i s  temperature. Even though t h i s  example is 
an extreme one, as 500° F i s  considerably above t h e  working range f o r  
t h i s  material ,  it affords an i l l u s t r a t i o n  of what can occur i n  the  
creep of materials. 

The curves 

Although these  curves do not  show the  
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The laat exmple shows the e f f e c t  of varying the  rate of s t r a i n i n g  
This e f f e c t  is unimportant at normal on the  s t rength of a material. 

temperatures f o r  t he  s t r u c t u r a l  aluminum a l loys ,  but may be pronounced 
f o r  other materials, par t icu lar ly  at elevated temperatures. Figure 3 
ahows the increase i n  average s t r e a s  with s t r a i n  r a t e  obtained f o r  an 
annealed 7 percent manganese titanium-base a l loy  a t  normal tempera tures  
and at 800° F (ref.  2) .  This stress is  a measure of the average height  
of the  s t r e s s - s t r a i n  c m e  and is  somewhet greater, i n  general, than 
the conventional y ie ld  s t r e s s .  
of r ra te r ia l s  are on the order of 10-2 t o  10-3 per minute. 
of lo4 per minute are obtained under Impact conditions. 
increeae i n  s t r e s s  w i t h  s t r a i n  rate is obtained f o r  t h i s  material es- 
pec ia l ly  a t  BOOo F. 
vated temperatures f o r  many materials and nay. al ter  the s t rength 
comiderably from t h a t  es tabl iahed by conventional or  s-hnda3.d tests. 

S t r a i n  r a t e s  usual ly  employed i n  tests 
S t r a in  rates 

An appreciable 

This e f f e c t  appears t o  be qui te  general at ele- 

With f e w  exceptions, current  pract ice  has  been t o  employ high- 
s t rength  a1uzh.m alLoys f o r  the  buik of' the  a i r c r a f t  s t ruc t ?ne .  A i -  
though these materials haye made possible the  conatruction of light- 
weight e f f i c i e n t  s t ruc tures ,  their use i n  supersonic a i r c r a f t  w i l l  be 
l imited because of the  adverse e f f e c t s  of elevated temperatures on 
t h e i r  propert ies .  
l y  inadvisable if temperatures should go above 300' t o  400° F at t h e  
most, other  mose temperature-resistant mater ia ls  are reqaired f o r  t he  
next higher range. 
materials t h a t  can provide l ight-weight s t ruc tu res  is  apparent. The 
remainder of t h i s  paper &OWE what can be expected w i t h  some c m r e n t l y  
ava i lab le  et-ructural materials under constant temperature conditions up 
t o  about 1000° F, taking i n t o  account strength,  s t i f f n e s s ,  and xeigbt  
f o r  a nmbsr  of s t m c t u r a l  appl icat ions.  

A s  their  use for s t r u c t u r a l  purposes w i l l  be general- 

The need f o r  te loperr ture-resis tmt  subs t i t u t e  

The materials selected f o r  t h i s  pur&sso include e high-strengta 
aluminm a l l o y  t h a t  serves as an eff ic iency yardst ick,  a t:tariluz! al-  
loy,  an ultra-hi@-strength steel, and a high-temperature nlckel-base 
a l loy .  The ti tanium alloys, l i k e  the aluminum al loys,  are character-  
i s t i c a l l y  light-weight, high-strength materials, which show pronise 
of meeting a i r c r a f t  s t r u c t u r a l  requiremerts up t o  about 8000 F. The 
ul t ra-high-strength steel, although heavier than the other  rceterials,  
has  been u t i l i z e d  a t  n o m 1  temperatures a t  very h i @  strength l eve l s  
and under such c i rcuns tmces  can compete with the  l i gh te r  materials. 
'me hl@-temperature alloy is  Included f o r  comparatlve purposes. -_ 

A s  no s ingle  c r i t e r ion  o r  basis can be found f o r  making such 
comparisons for a l l  the various possible s t r u c t u r a l  appl icat ions,  some 
of t h e  p r inc ipa l  cases w i l l  be covered. 
y i e l d  s t rength,  st iffness,  and +&e buckling of columns and plates 
under compression loading. 
t e n s i l e  and compressive s t r e s s - s t r a in  data 
temperature and a t r a in - r a t e  conditions f o r  1/2-hour exposure time; 

These include t h e  tenRile 

The comparisons are based upon the  use of 
obtained under constant- 
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Material 

Creep is assumed not  t o  be a f ac to r .  The propert ies  of the ultra-high- 
strength steel  at elevated temperatures were asswned and t aka  t o  be 
the same at 800' F as the same material heat- t reated t o  high- inatead 
of ultra-high-strength levels.  The t e n s i l e  propert ies  of t he  aluminum 
a l loy  a t  elevated temperatures were assumed t o  be the same as the com- 
pressive propert ies  for which da ta  were ava i lab le .  
tensi le  propert ies  f o r  the titanium a l loy  and the ul t ra-hi@-strength 
steel a t  normal temperatures, the r e s u l t s  are based on da ta  f o r  sheet 
materials. 

Except f o r  the 

Data were taken from vwious  sources (refs. 3 t o  5). 

Tensile Young' s Density , 
y ie ld  modulus, lb/cu i n .  
stress, P s i  
ks i 

Values of the t e n s i l e  y i e ld  stress, Young's modulus, and the  den- 
s i t y  for the various mater ia l s  are given i n  the following tab le :  

78s -T6 

RC - 13 0 -A 

82 10.5X106 1 0.10 

138 16.0 I .17 I SAE 4340 1 242 I 29.5 .28 I 
I Inconel x I 110 I 32.0 I *30 I 

The alwninum a l loy  78S-T6 is one of the newest and s t ronges t  of t he  
aluminum a l loys .  
titanium-base a l loy .  SAE 4340 is a low-alloy, nickel-chromium- 
molybdenum steel  t h a t  has been hea t - t rea ted  t o  ul t ra-high-strength 
levels ,  280 k s i  t e n s i l e  ul t imate  stress i n  t h i s  case. 
70 percent nickel,  15 percent chromium a l l o y  t h a t  has high s t rength  up 
t o  about 1500° I?. These materials cover a wide range of propert ies .  
Tensile y i e ld  stresses vary from 82 t o  242 k s i ,  moduli run from 10.5 
t o  3 2 ~ 1 0 ~  ps i ,  and dens i t i e s  vary from 0.10 t o  0.30 pound per cubic 
inch. 

The t i tanium a l loy  RC-130-A is an 8 percent manganese 

Inconel X is  a 

The s t rength eff ic iency of t h e  various materials a t  elevated t e m -  
peratures is shown i n  figure 4 .  
t he  c r i t e r ion  f o r  s t rength,  and t h e  e f f i c i ency  is measured by the 
yield s t ress-densi ty  r a t i o .  Ekcept f o r  Inconel 1, these materials a l l  
have about t he  sme eff ic iency a t  normal temperatures. The eff ic iency 
of the  steel is  somewhat greater th& t h a t  f o r  t h e  t i t a n i u  a l loy  a t  
elevated temperatures. Inconel X is  the  most e f f i c i e n t  material above 
about 850° F, but it has a r e l a t i v e l y  low eff ic iency at  normal tempera- 
tures. 
material, whereas the e f f ic iency  of t he  aluminum a l l o y  drops off rapid$ 
with temperature. 

The t e n s i l e  y i e l d  stress is taken as 

Temperatures  up t o  1200° F have very l i t t l e  e f f e c t  on this 
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The e l a s t i c  stiffness eff ic iency of the various materials a t  
elevated temperatures is  shown i n  figure 5. The s t i f f n e s s  i s  given 
by Young's modulus, and the eff ic iency is determined f r o n  the  modulus- 
densi ty  r a t i o .  Tne moduli used f o r  t h i s  purpose we those Gbtained 
from compression loading, which run s l i g h t l y  higher than f o r  t e n s i l e  
loading. The ef f ic ienc ies  of the materials are a l l  about t h e  same a t  
normal temperatures. A t  elevated temperatures, Inconel X is the  most 
e f f i c i e n t  on a s t i f fnes s  basis ,  and the  s t e e l  and t i tanium a l loy  are 
next i n  order. 
most rapidly with temperature. 

The eff ic iency of t he  aluminum a l loy  drops off the 

Compression loading d i c t a t e s  a considerable portior! of the air- 
craf t  dedgn.  Unfortunately, s i m p l e  compsrisons of materials such as 
those j u s t  given are not possible f o r  compression loading, because 
failure may occur by buckling, and both the  propert ies  of the material 
and the  s t r u c t u r a l  cha rac t e r i s t i c s  a r e  icvolved. Comparisons of the  
various materials w i l l  next be given f o r  columns and p la t e s  loaded i n  
compression, using the  s t r u c t u r a l  index method ( r e f .  6).  For c o l m  
buckling, the tangent modulus formula w a s  u t i l i z e d .  For t he  p l a t e  
compressive s t rength,  the re l a t ion  f o r  t h e  average stress at failure 
f o r  simply supported p la tes ,  which w a s  sham earlier i n  the program t o  
hold f o r  many materials, is  used. This r e l a t i o n  i e  

where cf  is  the average stress at  failure;  Esec is  the  secant modu- 
l u s  associated with cf; ocg is t h e  0.2-percent o f f s e t  compressive 
y i e ld  stress; and t and b are the  p l a t e  thickness and width, 
respect ively.  Both the  column and p l a t e  formulas are assmed t o  be 
v a l i d  a t  elevated temperatures, because such r e l a t ions  have been 
sham t o  apply a t  elevated as well  as a t  normal temperatures under com- 
parable conditions (refs. 7 m d  8) .  The compressive s t r e s s - s t r a in  
curves are required f o r  these calculations.  Only the de ta i led  conpari- 
sons a t  normal temperatures w i l l  be given. 

The e f f ic iency  of the  var ious mater ia ls  f o r  column buckling at  
normal temperatures is  shown i n  f i g m e  6. The s t r u c t u r a l  index 
Pc,cf/L2 comprises the buckling l.aad the  end f i x i t j  c .  the  
shape f a c t o r  f ,  a d  the  column length L. The eff ic iency is given by 
t h s  s t ress -dens i ty  r a t i o ,  where the stress is the  buckling stress 
associatml with Per. The r e l a t i v e  e f f i c i enc ie s  of the  materials vary 
wii& Lilt: value 02 iiit: i d e - x .  %all index czlzes c~rrc~pcni. tz s z l l  
loads, low stresses, aid long c o l m s .  I n  t h i s  region, the most e f f i -  
c i e n t  materials axe,  i n  order:  the aluminum al loy,  t he  titaaim al loy ,  
and "den the  steel  m d  high-tealperatme al loy.  For l a rge  iiidex valuest  
which correspond t:, large loads.  hi& s t r e s ses ,  and shor t  c o l m s ,  the  
ul t ra-high-strength steel. is now 3lSghtly =ore e f f i c i e n t  than e i the r  
the aluminum o r  t i t a n i - m  a l l a y .  Lwosel X is colapasatively ine f f i c i en t  
f o r  u3e i n  c o l i m s  unde-- b o t k  iov izld kcnvj- loading conditions. 
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Similar comparisons of t h e  various materials on the  bas i s  of 
p la te  compressive s t rength are given i n  f igu re  7. The s t r u c t u r a l  
index P/b2 includes the  load P a t  failiire arid the p l a t e  width b. 
The eff ic iency is measured by the s t ress-densi ty  r a t i o ,  where the stress 
is  the average stress at f a i l u r e  which corresponds t o  the load P. 
Small index values correspond t o  small loads,  low s t r e s ses ,  and wide 
p la tes ;  and la rge  values,  t o  large loads, high stresses, and narrow 
p la t e s .  The r e l a t i v e  e f f i c i enc ie s  of the materials remain about t he  
same f o r  the p la te  compressive s t rength over a wide range of index I 

values.  The aluminum a l loy  i s  the  most e f f i c i e n t ,  and t h e  t i tanium 
al loy,  s t e e l ,  and nickel-base a l loy  follow i n  that order.  If very 
high loadings and stresses are involved, however, mater ia ls  such as 
t h e  ultra-high-strength s t e e l  can give e f f i c i enc ie s  about as high as 
thoae obtained w i t h  the l i g h t e r  materials, which l eve l  off  a t  the  very 
high s t r e s ses .  I 

I 

I 

The r e l a t i v e  eff ic iency of the  various materials at  80° and 800° F 
is  summarized i n  figure 8. 
t h i s  is probably c lose  t o  the  upper l i m i t  of the working range for the 
t i tanium a l loy  and the  ul t ra-high-strength steel .  
t i ons  include t e n s i l e  y i e ld  s t rength,  e l a s t i c  s t i f f n e s s ,  column 
buckling, and the s t rength of compressed p la tes .  The first  p a i r  of 
bar  graphs represents  i n  each case the aluminum a l loy ;  t he  second, t he  
t i t a n i u m  al loy;  the t h i rd ,  t he  s t e e l ;  and the last, the nickel-base 
al loy.  The eff ic iency of the high-strength aluminum a l loy  a t  normal 
temperatures is  taken as uni ty  f o r  each appl icat ion and as a base f o r  
determining the r e l a t i v e  e f f i c i enc ie s  of t he  other  materials a t  both 
80° and 8000 F. Comparisons f o r  c o l m  buckling and p l a t e  compressive 
s t rength a re  given f o r  high index values of 400 and 8 ks i ,  respect ively.  
An examination of these r e s u l t s  shows t h a t  a t  normal temperatures the 
t i t a n i u m  a l loy  is  about as e f f i c i e n t  o r  near ly  as e f f i c i e n t  aa the  
aluminum alloy f o r  t he  d i f f e r e n t  appl ica t ions .  Further improvement i n  
the t i t a n i u m  a l loys  may provide an appreciable increaae i n  e f f ic iency  
over t he  high-strength aluminum a l loys  f o r  some of t h e  appl icat ions.  
Ultra-high-strength s teel  can a l s o  provide high e f f i c i enc ie s  a t  normal 
temperatures, except i n  the case of compressed p l a t e s ,  where the  rela- 
t i v e  e f f ic iency  is  about 3/4. For very high p l a t e  loadings, however, 
the steel may be almost as e f f i c i e n t  even i n  t h i s  instance.  A t  800° F, 
the e f f i c i enc ie s  of the  t i tanium a l loy  and the s tee l  are only about 
1 /2  t o  3/4 of those obtainable a t  normal temperatures with the  aluminum 
al loy.  "he eff ic iency of t he  t i tanium a l loy  a t  9000 F i s  about the  
same o r  s l i g h t l y  b e t t e r  than t h a t  f o r  the s teel  at  800° F, except as 
regards s t i f f n e s s .  Inconel X i s  only 40 t o  50 percent as e f f i c i e n t  a t  
80' and 8000 F as the aluminum a l l o y  at  normal temperatures, except i n  
the case of s t i f f n e s s .  

Comparisons a r e  given a t  800° F, because 

The various applica- 

I 

I 

I 

I 

I n  this t a l k ,  some of the  proper t ies  of materials t h a t  require  
consideration under elevated temperature conditions w e r e  pointed out, 
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and a f e w  examples were given of the e f f ec t s  of t i m e  and temperature. 
Some s t r u c t u r a l  e f f ic iency  comparisons were then made f o r  various appli-  
cat ions,  which showed that materials such as a t i tanium a l l o y  and an 
ultra-high-strength s teel  could provide e f f i c i e n t  s t ruc tu res  a t  normal 
temperatures if  high stresses were employed. The e f f ic iency  of these 
materials f o r  such purposes, however, w a s  subs t an t i a l ly  reduced f o r  t e m -  
peratures  of 800° F and above. Consequently, t h e  weight of t h e  a i r c r a f t  
s t ruc ture  f o r  very high-speed fl ight w i l l  increase subs tan t ia l ly .  I n  
order t o  reduce t h i s  handicap i n  t h e  temperature range up t o  1000° F, 
improved elevated-temperature propert ies  a re  needed f o r  materials such 
as the  t i tanium a l loys  and ultra-high-strength steels, which i n i t i a l l y  
have very high strengths.  
less promising, as the  high-temperature a l loys t h a t  may be required under 
such conditions are general ly  r e l a t i v e l y  ine f f i c i en t  both a t  normal and 
elevated temperatures compared t o  present a i r c r a f t  materials.  I n  clos- 
ing ,  it should be emphasized t h a t  the  a i r c r a f t  s t r u c t u r a l  materials 
problem is g rea t ly  complicated by elevated temperatures, and t h a t  many 
of t h e  mechanical and physical  propert ies  w i l l  have t o  be taken i n t o  
account under varied conditions i n  the  actual application. 

A t  s t i l l  higher temperatures the  s i t ua t ion  i s  
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6 .  REVIEW OF MATERIALS FOR JET ENGINES 

By G. Mervin Ault and George C.  Deutsch 
Lewis F l igh t  Propulsion Laboratory 

INTRODUCTION 

The j e t  engine depends f o r  i t s  effectiveness on t h e  a v a i l a b i l i t y  
of materials t h a t  can withstand severe operating conditions. 
t he  ea r ly  development of the  j e t  engine, a c l a s s  of materials known as  
super a l loys  w a s  created without which the  engine a s  it i s  known today 
would not have been possible.  
i s  creat ing a demand f o r  even b e t t e r  materials, pa r t i cu la r ly  those t h a t  
would permit higher operating temperatures. 

During 

The competition f o r  higher performance 

I n  s tud ies  t o  obtain b e t t e r  materials,  t h e  a v a i l a b i l i t y  of the  
const i tuent  elements must a l so  be considered. 
very desirable  f o r  these mater ia ls  t o  contain so l e ly  those elements 
t h a t  a r e  domestically avai lable  i n  suf f ic ien t  amounts f o r  use during 
w a r t i m e .  The super a l loys  i n  widespread use today a r e  generally based 
on systems employing cobalt ,  nickel, and chromium. One such material, 
S-816, cons is t s  of 40 percent cobalt ,  20 percent chromium, and 20 per- 
cent nickel.  I n  addition, minor alloying agents, such as niobium, 
tungsten, and molybdenum, are used. 
p l i e s  of these elements, pa r t i cu la r ly  cobalt, tungsten, and niobium, 
t h e  number of engines t h a t  could be b u i l t  using S-816 as a blade materi- 
a l  would f a l l  f a r  short  of the  required number i n  an emergency. The 
current  cobalt-base alloys a lso  have another ser ious disadvantage i n  
t h a t  they a r e  l imited i n  the  temperature that they can withstand. 
t h e  desired higher operating temperatures are  t o  be at ta ined,  new a l loys  
must be developed f o r  use as  turbine blades. 

It would, of course, be 

Because of t he  very l imited sup- 

If 

While the  materials problem i n  the  turbine blades i s  probably the  
most c r i t i c a l  i n  t he  j e t  engine, materials problems ex i s t  i n  other 
components, and research i s  being directed toward invest igat ing a . v a s t  
v a r i e t y  of mater ia ls  t h a t  might ult imately replace mny of those i n  use 
today. 
problem i n  each of the  c r i t i c a l  components of the  jet  engines and will 
mention several  of t h e  d i rec t ions  from which these problems a r e  being 
attacked. It i s  useful  t o  bear i n  mind the r e l a t i v e  locat ion of the  
p a r t i c u l a r  component t o  be discussed and the approximate temperature t o  
which t h i s  component i s  sub3ected by making reference t o  f igu re  1. 
i s  a cross sec t ion  of a typ ica l  tu rboje t  engine. 
t h e  i n l e t ,  i t s  pressure i s  ra i sed  i n  the compressor, f u e l  i s  added, and 
t h e  mixture i s  ign i ted  i n  t h e  combustor. 
t h e  r o t a t i n g  turbine blades at the  correct angle by the  nozzle guide vanes. 
The expanded gases i ssue  through the  nozzle and thereby provide the  

This discussion w i l l  ou t l i ne  the  present s t a t u s  of t he  mater ia ls  

This 
A i r  i s  drawn i n  through 

The hot gases a re  directed onto 
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pmpulsive t h r u s t  of t h e  engine. 
engine are shown i n  the  f igure .  
cperate a t  maximum material temperatures of about 1500' F.  
tu res  specif ied i n  f igu re  1 are, i n  many cases, determined by t h e  pro- 
per t ies  of materials avai lable  a t  the present time. 
would be des i rab le  i f  su i t ab le  materials were ava i lab le .  
t a n t  cbject ive of materials research, therefore ,  i s  t o  permit t h e  e l e -  
vation of some of these temperatures. 

Typical temperatures i n  a current 
For example, current tu rb ine  blades 

The tempera- 

Higher temperatures 
A very impor- 

ROTATING AND STATIONARY TURBINE BLADES 

The component t h a t  most l i m i t s  gas temperatures i s  the  ro t a t ing  
turbine blade because it i s  subjected t o  a severe combination of stress 
arid temperature. 

The nozzle vanes a re  another component of t h e  turb ine  t h a t  operates 
a t  very high temperatures - as much as 200' F above t h a t  of the  turb ine  
blade. However, because the  blades are  s ta t ionary ,  they a re  subject  
primarily t o  t h e  thermally induced stress with, i n  addi t ion,  a small 
'bending s t ress  due t o  t h e  gas load. Because of t h e  low stress s t a t e  
ex is t ing  i n  t h e  nozzle vanes, a l loys  s i m i l a r  t o  those used f o r  turbine 
blades are sa t i s f ac to ry  and i n  many cases acceptable blade l i v e s  are 
obtained with lower a l loy  materials. For these  reasons, t h e  nozzle 
vane a l loys  w i l l  not be considered separately.  As has already been 
mentioned, t h e  a l l o y  of grea tes t  use f o r  t h e  turb ine  blade up t o  t h e  
present t i m e  has been the  super a l l o y  S-816, containing la rge  amounts 
of the  s t r a t eg ic  elements cobalt  and columbium. Considerable research 
is being d i rec ted  toward replacing t h i s  a l l o y  by newer cobalt-base 
al loys or preferably nickel-base a l loys .  There i s  evidence t h a t  a l loys  
ex i s t  having not only less  s t r a t e g i c  material content bu t  higher t e m -  
perature  l i m i t s  of operation. 

I n  f igure  2 are shown several  a l loys  of t h i s  type which are cur- 
r en t ly  under development. 
as others re fer red  t o  i n  t h i s  paper are shown i n  table  I . )  
f igure  the  stress t h a t  a material can support f o r  100 hours without 
f r ac tu re  i s  p lo t ted  against  temperature. This s t r e s s  would represent 
t he  centr i fugal  stress applied t o  t h e  blade.  I n  addi t ion t o  t h i s  s t r e s s ,  
a turbine blade must withstand v ibra tory  and thermal stresses and a 
severly oxidizing atmosphere, and must not elongate excessively.  The 
f irst  c r i t e r ion ,  however, i s  t ime-to-rupture under t h e  cent r i fuga l  load 
and, f o r  t he  sake of brevi ty ,  comparisons w i l l  be made on t h i s  basis 
only. 
centr i fugal  s t ress  leve ls  encountered i n  current  engines. For a m a -  
j o r i t y  of current engines, a stress of about 13,000 p s i  would ex is t  i n  
t h e  blade at  midspan, the  point where it i s  most l i k e l y  t o  f a i l .  For 

(The compositions of these  a l loys  as wel l  
I n  the  

The horizontal  dot ted l i n e s  i n  t h e  f igu re  are t h e  range of t y p i c a l  

c 
I. 
L1 
b 
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some highly s t ressed  engines, the stress i s  approximately 22,000 p s i .  
Since the  t rend i n  fu ture  engines appears t o  be t o  toward higher 
stresses, comparisons will be made on the  basis of t h e  highly s t ressed  
engine, labeled "Engine A."  The lowest curve on t h i s  f i gu re  refer6 t o  
S-816, and t h e  next higher curve designated "current cobalt-base cast"  
represents t he  bes t  propert ies  of other current ly  well-developed blade 
alloys.' 
temperature l i m i t  of S-816 is  i n  t h e  neighborhood of 1525' F, and f o r  
t h e  best of these current alloys,  about 1600' F. 
t h e  propert ies  of new a l loys  under development. 
been devoted t o  t h e  development of nickel-base wrought a l loys  because 
these contain much less c r i t i c a l  material than  those of cobalt  base. 
Nickel-base wrought a l loys  have been developed t h a t  may permit engine 
operating temperatures of 1650' F at  t h e  high stress level. New c a s t  
a l loys  of both cobalt  and nickel  base ( re f .  1) a l s o  are being developed, 
and these are shown by the  upper two curves. Blade temperatures up t o  
1700° F, o r  about 175O F higher than S-816, may be possible with these  
materials.  

It w i l l  be noted t h a t  f o r  the highly s t ressed  engine t h e  

The other curves show 
Most recent e f f o r t  has 

Another means of increased turbine temperatures i s  t h e  use of 
a l loys  of chromium (ref. 2)  and molybdenum (refs. 3 and 4 ) .  Figure 3 
shows the  s t ress-rupture  propert ies  o f  the strongest of these a l loys .  
Again t h e  stress t h a t  can be withstood for  100 hours p r io r  t o  rupture 

has been made f o r  t h e  density t o  take into account t he  f a c t  t h a t  molyb- 
denum a l loys  are approximately 20 percent heavier than t h e  cobalt o r  
chromium a l loys .  
t u re s  of about  1850° F may be possible,  whereas with the molybdenum 
a l loys  temperatures of 2000' F are indicated. 
severely attacked by oxygen a t  temperatures above l l O O o  F and must be 
protected.  
t i o n  have been attempted, but  none has proved completely sa t i s fac tory .  
Most of t h e  coatings are e i t h e r  too  br i t t l e  and have very low impact 
s t rength o r  when used on large numbers of par t s ,  such as turbine blades, 
cannot be applied pe r fec t ly  on a l l  pieces. 
i s  so rap id  t h a t  a small p in  hole resu l t ing  from an imperfect coating 
or  from impact of small pa r t i c l e s  i n  the gas stream can be expected t o  
r e s u l t  i n  complete oxidation of t he  blade i n  a f e w  minutes under engine 
operating condition. The current consensus i s  t h a t  a coating 
on molybdenum f o r  a pa r t  subjected t o  impact (such as a turbine blade) 
E??& he d x t i l e ,  5s  m_sy he eqec t .ed  wi t .h  d i f fused  metal l ic  coatings as 
contrasted with ceramic o r  vi t reous coatings. The protect ion of molyb- 
denum presents  one of t h e  most d i f f i c u l t  coating problems ever encoun- 
tered, and considerable e f f o r t  i s  being expended on t h i s  problem a t  the  
present t i m e .  

f --I-++ pLubb& as a f u n c t i ~ r ,  ~f t e q e r a t c r e .  Irr this rase, a correct ion 

It i s  seen tha t ,  with the  chromium al loys,  tempera- 

Molybdenum, however, i s  

Many types of coatings and alloy additions t o  prevent oxida- 

The oxidation of molybdenum 

h r o u g h o u t  t h i s  discussion, only d a t a  which are not readi ly  
ava i lab le  a re  referenced. 
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The bes t  molybdenum a l loys  a t  present a r e  made by melting i n  a 
vacuum or neut ra l  gas atmosphere followed by extrusion or  working by 
other methods. 
d i t i on  and lo se  considerable s t rength when recrys ta l l ized .  
a l loys are malleable and can be forged i n t o  blades.  

The a l loys  have maximum strength i n  the  as-worked con- 
Molybdenum 

The bes t  chromium-base a l loys  contain about 60 percent chromium, 
15 percent i ron,  25 percent molybdenum, and about 2 percent t i tanium. 
They are fabr ica ted  by cast ing,  usually i n  a vacuum. They have satis- 
fac tory  oxidation res i s tance  but  a r e  extremely b r i t t l e  with no measur- 
able  d u c t i l i t y  a t  room temperature and negl igible  impact s t rength even 
a t  high temperatures. The b r i t t l e n e s s  of these a l loys  completely pro- 
h i b i t s  t h e i r  use current ly .  
extensively i n  severa l  l abora tor ies ,  primarily f o r  t h e  purpose of i m -  
proving d u c t i l i t y .  

Chromium-base a l loys  a r e  being studied 

I n  addition t o  t h e  new al loys,  a d i f f e ren t  c l a s s  of mater ia ls  i s  
being invest igated f o r  po ten t i a l  use a s  turbine blades.  
"cermets" (ref.  5) ,  and a re  combinations of ceramics and metals. By 
su i tab ly  combining these components, mater ia ls  have been developed t h a t  
possess many of t h e  high-strength cha rac t e r i s t i c s  of ceramics a t  t h e  
elevated temperatures while re ta in ing  some of t h e  advantages of a l loys ,  
such a s  res is tance t o  thermal shock. Figure 4 shows the  s t ress - rupture  
propert ies  of a number of cermets under inves t iga t ion .  Again t h e  s t r e s s  
t h a t  can be withstood f o r  100 hours without f r a c t u r e  i s  p lo t t ed  against  
t h e  temperature l i m i t  of operation. 
necessary t o  take i n t o  account t he  f a c t  t h a t  the  densi ty  of these cermets 
is  about 25 percent l e s s  than t h a t  of S-816. Two c lasses  of cermets a r e  
shown. The l i n e  labeled "TIC + a l loy  cermet" i s  typ ica l  of a class of 
materials t h a t  a r e  well  along i n  their development, meaning t h a t  t h e i r  
propert ies  have been f a i r l y  wel l  defined, they have good thermal shock 
resistance,  and techniques f o r  production of i n t r i c a t e  shapes have been 
developed. "he data  ind ica te  t h a t  they a r e  usable a t  temperatures up 
t o  about 1800' F, or  250' F above current  a l loys  and 100' F above the  
bes t  developmental cobalt-  and nickel-base a l loys .  The second c l a s s  of 
cermets consis ts  of mater ia ls  not so far along i n  t h e i r  development, but 
which serve t o  ind ica te  furture s t rength  p o t e n t i a l i t i e s  of t h i s  type of 
material .  This is  shown by the  curve  labeled "A1203tCr." Tercperatures 
i n  excess of 2000' F may be possible  if  these  mater ia l s  can be properly 
developed f o r  p r a c t i c a l  appl ica t ion .  

These a r e  ca l led  

An adjustment of t he  s t r e s s  is  

Such materials,  i n  addi t ion t o  allowing higher temperatures, a r e  
l i gh te r  i n  weight; consequently, engine weight will be lowered and even 
higher t h rus t  per un i t  engine weight can be obtained. 

While a number of methods a r e  being explored f o r  increasing the  
temperature l i m i t s  and reducing t h e  s t r a t e g i c  element content,  each 
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approach has problems t h a t  w i l l  have t o  be solved before it can be adopted 
f o r  p r a c t i c a l  appl icat ion.  Nearest ready f o r  use a r e  the  wrought nickel-  
base a l loys  because they are so s i m i l a r  t o  t h e  cur ren t ly  used materials 
and yet  have higher s t rength.  The cas t  nickel-, cobalt- ,  and chromium- 
base a l loys  involve problems of b r i t t l eness  or low d u c t i l i t y .  Figure 5 
shows, f o r  example, t he  room-temperature d u c t i l i t y  of a number of m a t e -  
r ials p lo t t ed  against  t he  allowable metal temperature. It  can be noted 
t h a t  t h e  wrought cobalt-base a l loy  (S-816) has a d u c t i l i t y  of over 30 
percent.  
temperature, but does not reduce t h e  d u c t i l i t y  below 10 percent.  
engine experience has indicated t h a t  t h i s  d u c t i l i t y  leve l  i s  acceptable 
f o r  turbine appl icat ion.  
d u c t i l i t i e s  i n  the  neighborhood of only 1 or 2 percent.  Vacuum melting 
i s  now being vigorously pursued, p a r t l y  i n  an attempt t o  increase t h e  
8 u c t i l i t i e s  of both t h e  cas t  and wrought a l loys .  
t he  b r i t t l e n e s s  of t he  higher strength alloys prohib i t s  t h e i r  current 
use. The best combinations of s t rength and d u c t i l i t y  are indicated f o r  
molybdenum a l loys  - t h e  bes t  of which have the  30 percent d u c t i l i t y  
when severely cold-worked. Molybdenum alloys require  su i tab le  coatings 
as w a s  mentioned previously. 

The wrought nickel-base a l loy  permits higher allowable m e t a l  
Actual 

The cas t  cobalt- and nickel-base a l loys  show 

As mentioned previously, 

Although not indicated i n  f igure  5, cermets, too, are very b r i t t l e  
but  appear t o  be somewhat superior t o  the high-strength chromium-base 
a l loys  3 

Very l o w  d u c t i l i t i e s  imply two problems: high s e n s i t i v i t y  t o  stress 
concentrations and poor impact s t rength.  The stress concentration 
problem comes i n  connection with the  method of fas tening t h e  turbine 
blade i n t o  t h e  disk.  Figure 6 shows various turbine blade fastenings.  
On t h e  l e f t  i s  t h e  conventional f i r - t r e e  root  used with duc t i l e  a l loy  
blades.  This has sharp r a d i i  which a r e  not ser ious i n  duc t i le  blades, 
bu t  lead t o  very ea r ly  fa i lure  when the  material  i s  b r i t t l e .  
design a l so  involves a la rge  number of mating t ee th .  I n  b r i t t l e  mate- 
rials which are not capable of easy deformation, s l i g h t  manufacturing 
tolerances may r e s u l t  i n  a concentration of load on one or only a f e w  
of t h e  t e e t h ,  thereby r e su l t i ng  i n  premature f r ac tu re .  For b r i t t l e  
mater ia ls ,  therefore,  it is  desirable  t o  use designs involving la rge  
r a d i i  and a s m a l l  number of mating surfaces. 
been evolved f o r  use with cermet blades and with a l l o y  blades of l o w  
d u c t i l i t y  are shown t o  t h e  right of t h e  f i r  t r e e .  I n  the  first,  d u c t i l e  
p ins  of l a rge  diameter serve t o  r e t a i n  the blade i n  t h e  wheel. The blade- 
root  temperature i s  much lower than is tha t  of the a i r f o i l ,  thus permit- 
t i n g  the  use of s o f t  s t a in l e s s - s t ee l  pins a t  t h i s  point .  fn t h e  i n t e r -  
lock design, only one mating surface i s  provided, and again a duc t i l e  
p i n  i s  inser ted  between t h e  blade and the wheel. The dovetai l  design 
makes use of very la rge  r a d i i  and of a duc t i le  screen (which is  not shown) 
between t h e  wheel and the  blade. Some of these  designs have been success- 
f u l l y  used i n  overcoming t h e  stress concentration f ac to r  associated with 
fas ten ing  cermet blades i n t o  wheels. 

The a l l o y  

Several designs t h a t  have 
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The impact problem may be more d i f f i c u l t  t o  solve.  Par t  of t he  prob- 
This p a r t  l e m  a r i ses  because of foreign objects  ingested i n t o  the  engine. 

may perhaps be solved by su i t ab le  screening devices; however, missi les  
may be generated within t h e  engine. Fragments of combustor l i n e r s  and 
t r ans i t i on  pieces have been known t o  pass through the  turbine.  
turbine blade may be thrown against  adjacent biades.  
s is tance of t he  mater ia l  i s  poor, extensive damage t o  the  blades w i l l  
occur, 
evaluated by a spec ia i  apparatus devised a t  t h i s  laboratory.  Typical 
r e su l t s  are shown i n  f igu re  7 .  The impact res i s tance  i s  measured i n  inch- 
pounds and should not. be confused with conventional values obtained on 
Charpy or Izod machines, s ince a spec ia l  apparatus has been used. The 
first v e r t i c a l  bar  ind lca tes  the  impact s t rength of a l loys  t h a t  a r e  cur- 
ren t ly  widely used as tui-bine-blade mater ia ls  and thus a r e  known t o  be 
sa t i s fac tory .  The value f o r  these a l loys  i s  40 inch-pounds and above. 
It i s  not known at  t h i s  t i m e  how much l e s s  than 40 inch-pounds can be 
to le ra ted .  Cermets have impact s t rengths  i n  the  range of 2 t o  20 inch- 
pounds, as  indicated by the  cross-hatched area of t h e  second bar .  Cermets 
with impact s t rengths  of 4 t o  6 inch-pounds have been run i n  engines and 
found t o  be de f in i t e ly  unsat isfactory.  Molybdenum a l loys  have impact 
s t rengths  ranging from 15 t o  25 inch-pounds, but t he  strerigth goes t o  
over 60 inch-pounds i f  t he  temperature is  r a i sed  s l i g h t l y  and these a l loys  
are t h u s  believed t o  be sa t i s f ac to ry .  The experimental nickel-  and cobalt-  
base al loys for  higher temperatures have impact s t rengths  ranging from 5 
t o  25 inch-pounds. Much research must be d i rec ted  toward overcoming the  
impact problem i n  t h e  cermets and some of t h e  experimental nickel-  and 
cobalt-base a l loys .  It i s  a l s o  necessary t o  define t h e  minimum impact 
res is tance required f o r  s a t i s f ac to ry  operation i n  an engine. 

A f a i l e d  
If the  impact re- 

Impact res i s tance  of po ten t ia l  turbine-blade mater ia ls  has been 

The method thus far discussed f o r  increasing turbine-blade tempera- 
t u r e  has  been the  d i r e c t  replacement of current a l loys  by mater ia ls  of 
higher s t rength a t  higher-than-current tevperatures  . It should be borne 
i n  mind t h a t  the  so l e  purpose of increasing t h e  temperature i s  t o  obtain 
higher engine t h r u s t .  
however, i s  the r a t i o  of the  th rus t  t o  u n i t  engine weight. It i s  there-  
f o r e  also important t o  decrease engine weight. The use of hollow blades 
permits the  reduction i n  engine weight, and cooling these  hollow blades 
w i l l  permit an increase i n  gas temperatures and engine t h r u s t .  

The parameter t h a t  governs engine performance, 

The effect  of l i g h t e r  turbine blades w i l l  be r e f l ec t ed  i n  l i g h t e r  
turbine wheels f o r  carrying these  blades,  l i g h t e r  sha f t s  f o r  carrying 
the  wheels, and so fo r th ,  so t h a t  small gains i n  turb ine  blade weight 
may r e f l ec t  a3 la rge  weight savings i n  t h e  ove r -a l l  a i rp lane .  
i s  a sketch of a typ ica l  turbine wheel using hollow blades.  
s o l i d  turbine wheel has been replaced by two d isks  which are adequate 
f o r  carrying the l i g h t e r  blades.  
if necessary, serve for the  introduct ion of cooling a i r  t o  t h e  blades.  

Figure 8 
The massive 

The passage between t h e  two disks may, 
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The introduction of cooling air t o  the  blades w i l l  a l ter  t h e  mater ia ls  
requirements j u s t  discussed. Substant ia l  increases i n  temperature can 
be achieved with cooling while using materials s i m i l a r  t o  those cur ren t ly  
being used uncooled. 

Figure 9 shows typ ica l  weight saving t h a t  can be achieved by t h e  use 
of sheet m e t a l  blades i n  conjunction with more e f f i c i e n t  wheel s t ruc tures .  
Total  wheel weight ( t h a t  i s ,  disks plus blades but without sha f t )  i s  
p lo t t ed  on t h e  ordinate  as a function of t h e  individual  blade weight f o r  
various a r b i t r a r y  design stress leve ls  i n  the  center  of t h e  disk. 
blade weights are considered. 
ventional so l id  blade and t h e  one a t  0.3 pound represents  a hollow blade 
of comparable aeradynamic design. For an a rb i t r a ry  s t r e s s  l e v e l  i n  t h e  
center  of t he  disk,  say 70,000 p s i ,  wheel weight could be reduced about 
50 percent by replacing t h e  s o l i d  blade with a hollow blade. 
cooling the  allowable design stress could be increased, even grea te r  
weight saving might be accomplished. 

Two 
The one a t  0.6 pound represents  a con- 

If through 

For t h e  turbine blade, s tudies  are underway t h a t ,  i f  successful,  
can ul t imately increase blade operating temperature, reduce s t r a t eg ic  
mater ia l  content of t he  blades,  and reduce engine weight. 

Another area i n  the  turboje t  engine where blades present  a mater ia ls  
problem i s  i n  t h e  axial-flow compressor. The temperatures i n  the  com- 
pressor  have been increasing because o f  higher compression r a t i o s  and 
higher f l i g h t  speeds, and t h e  t rend of increasing temperatures i s  ex- 
pected t o  continue. Figure 10 shows the  r e l a t ion  of conpressor ou t l e t  
temperature t o  compression r a t i o  and f l i g h t  speed. Early designs had 
compression r a t i o s  of about 4 with temperatures of about 250' F.  
designs have compression r a t i o s  as high as 12  with ou t l e t  temperatwes 
approaching 550' F . 
t u r e s  up t o  about 10oOo F o r  even higher. These temperatures f o r  t h e  
l a t t e r  s tages  of compressors exceed those allowable with current com- 
pressor  materials and en ter  t he  range of operating temperatures f o r  
current  turbine disks .  It i s  apparent tha t  some of t h e  materials now 
used i n  t h e  h o t t e r  turbine d isk  nust be used f o r  t h e  compressor blades 
and compressor d isks  of fu tu re  engines. 

Ccrrent 

Increased flight speeds can increase these  tempera- 

I n  addi t ion  t o  complications introduced by t h e  t rend toward higher 
operating temperatures, t h e  axial-flow compressors operating a t  current 
temperatures have problems i n  blade vibration which may lead t o  blade 
f a i l u r e .  The f a i l u r e  of one compressor blade can i n i t i a t e  a disastrous 
chain reac t ion  t h a t  a t  i t s  worst can completely destroy the  engine. A 
primary cause of blade f a i l u r e  i s  f a t igue  induced by f luc tua t ing  a i r  f l o w  
i n  t h e  campressor. C u r r e n t l y t h e  most widely used compremor-blade a l loy  



6-8 

i s  403 s t a in l e s s  s t e e l  containing about 1 2  percent chromium. 
t h e  weight of t h e  blades, as we11 as t h e  weight of t he  supporting wheels, 
consideration i s  being given t o  t h e  use of both p l a s t i c s  and t i tanium 
and ti tanium a l loys .  
composed of g lass  f i b e r s  bonded together with bake l i t e  cement o r  phenolic 
res ins .  These have about 25 percent t h e  weight of s t e e l ,  and t h e  t i tanium 
al loys are about 60 percent t h e  weight of s teel .  I n  addition, of course, 
t h e  s t rength must be adequate. An important c r i t e r ion ,  then, i s  s t rength-  
to-weight r a t i o .  
centr i fugal  force,  t he  load or  s t r e s s  i s  d i r e c t l y  r e l a t ed  t o  t h e  density;  
ro ta t ing  p a r t s  made from ti tanium, f o r  example, would be subjected t o  40 
percent less cent r i fuga l  stress than if made of s t ee l .  The s t rength-  
weight r a t i o s  of several  materials are shown i n  f igure  11 (from re f .  6 )  
as a function of temperature. It can be seen t h a t  t he  t i tanium a l l o y  i s  
superior t o  aluminum a l loy ,  1/2 hard s t a in l e s s  s t e e l ,  g lass-cloth l a m i -  
nate, and a high-temperature a l l o y  Inconel X .up t o  900' F. The p l a s t i c  
or glass-cloth laminate with i t s  very low densi ty  i s  qui te  competitive 
with other  materials a t  moderate temperatures. 

To reduce 

The p l a s t i c s  which are being considered are laminates 

For ro t a t ing  p a r t s  where t h e  load i s  determined by 

I n  addi t ion t o  being about one- f i f th  t h e  weight of t h e  s t e e l  blade 
which it i s  t o  replace, the  p l a s t i c  blade has another advantage which 
makes it of pa r t i cu la r  in te res t ,  - t h i s  i s  damping capacity.  For a par- 
t i c u l a r  root mounting, it i s  t h e  aerodynamic plus  the  in t e rna l  o r  mater ia l  
damping which determine the  vibrat,ory stress t o  which a material  w i l l  be 
subjected. The magnitudes of these  f ac to r s  f o r  p l a s t i c s  and t i tanium as 
w e l l  as f o r  more conventional compressor-blade materials are shown i n  
f igure 1 2 .  

On the  l e f t  s ide  of the f igu re  t h e  aerodynamic damping i s  p l o t t e d  
as a function of dens i ty  f o r  the  various materials. 
f r ee ly  i n  an a i r  stream, t h e  a i r  removes energy from t h e  blade,  thus  
decreasing the  v ibra t iona l  energy of t h e  blade.  This removal of energy 
i s  kr.own as aerodynamic damping. The higher t he  aerodynamic damping, t h e  
less  i s  the  tendency f o r  such exc i ta t ions  as r o t a t i n g  s t a l l  t o  induce 
destruct ive vibrat ions.  It can be seen t h a t  t h e  p l a s t i c  has an aero- 
dynamic damping of 20.8 percent,  which i s  considerably higher than t h a t  
of the other  applicable mater ia ls  and i s  4 . 5  t i m e s  t h a t  of 403 s t a i n l e s s  
steel .  

When a blade vibrates 

On the  r igh t  s ide  of t h e  f igu re  i s  a comparison of t h e  i n t e r n a l  o r  
material  damping of t he  same mater ia ls ,  p l a s t i c ,  aluminum, t i tanium, 
and 403 stainless s t ee l .  For some materials, t h e  i n t e r n a l  damping de- 
pends on the  s t r e s s  level ;  th is  i s  t h e  case with t h e  p l a s t i c  considered, 
a laminated f iberg lass  impregnated with a phenolic r e s i n .  
an internal  damping of 9 percent occurs a t  a v ibra tory  stress l eve l  of' 
p lus  or minus 5000 ps.i, and a damping of 20 percent occurs when t h e  
vibratory s t r e s s  l eve l  i s  a t  the  endurance l i m i t  of 25,000 p s i .  
parison, the  mater ia l  damping f o r  403 s t a i n l e s s  s t e e l  i s  only about 1 

For example, 

For com- 
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percent a t  5000 p s i  and 3 percent a t  t h e  endurance l i m i t  of 50,000 p s i .  
Although one reason f o r  t h e  choice of 403 s t a i n l e s s  steel  f o r  compressor 
blades has been i t s  high material damping, p l a s t i c s  are even b e t t e r .  
high mater ia l  damping of t h e  p l a s t i c  i s  pa r t i cu la r ly  advantageous when 
t h e  aerodynamic damping cannot be r e l i e d  upon; t h i s  can occur i n  s ta l l  
f l u t t e r .  

"he 

I n  addi t ion t o  t h e  a b i l i t y  t o  dampen vibrat ions,  t he  a b i l i t y  of t h e  
material t o  withstand v ibra t iona l  s t resses  is, of course, a l so  of concern. 
This a b i l i t y  i s  defined by t h e  endurance l i m i t  i n  fa t igue.  
l i m i t  f o r  p l a s t i c s  i s  about one-half t h a t  of t h e  s t a in l e s s  steel. 
remains f o r  ac tua l  experience i n  engines with these  mater ia ls  t o  determine 
whether t he  grea t ly  improved aerodynamic damping and material damping of 
p l a s t i c s  will overcome t h e i r  lack of fatigue strength and permit the 
designer t o  take  advantage of t h e i r  l i gh t  weight. 
t e s t s  have been promising. 

The endurance 
It 

Preliminary engine 

For t i tanium a l loys  t h e  reported room-temperature f a t igue  s t rengths  
are of t h e  order of 60 percent b e t t e r  than 403. It i s  thus indicated 
t h a t  on t h e  bas i s  of these  fac tors ,  t i tanium a l loys  w i l l  f i n d  appl icat ion 
f o r  compressor blading. 
some as yet  undetermined propert ies  such as notch f a t igue  s t rength may 
retard t h i s  Eppl tcz t im,  hnvever, 

Complexities i n  melting and fabr ica t ion  and 

TURBINE AND COMPRESSOR DISKS 

A s  t h e  t rend toward higher operating speeds and/or higher operating 
temperatures f o r  compressor blades is  realized, t he re  are, of course, 
g rea te r  demands put on the  blade supporting s t ruc ture ,  t h e  d i s k j  and it 
becomes obvious t h a t  when the  temperature l imi ta t ions  of t he  compressor 
disks  are exceeded, materials cu r ren t lybe ing  used f o r  t he  h o t t e r  tu rb ine  
disks may be required.  It i s  convenient, therefore ,  t o  discuss a l l  d i sk  
mater ia ls  together,  again keeping i n  mind t h a t  t h e  same mater ia ls  may 
a l so  be used f o r  compressor blading. 

The wheels are designed t o  withstand t h e  combined e f f e c t s  of cen t r i -  
fugal, thermal, and fastening stresses. I n  t h e  wheel hub where t h e  t e m -  
perature  i s  lowest, t h e  design i s  based on t h e  short-time y ie ld  s t rength 
nf t.he matser ia l  - Tn the  high-temperature r i m ,  t h e  design i s  based on 
t h e  long-time stress rupture and creep propert ies .  

Because of t he  d i f f i c u l t y  i n  obtaining comparative data  f o r  a l l  
these  proper t ies  as w e l l  as f o r  t h e  sake of s implici ty ,  t h e  ava i lab le  
mater ia ls  a r e  compared ( f i g .  13) on t h e  bas i s  of s t ress-rupture  s t rength.  
I n  t h i s  f i g u r e  i s  p lo t t ed  the  stress which can be sustained f o r  1000 
hours t o  rupture  f o r  various temperatures. The values of aluminum and 
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t i tanium are shown as dashed l i n e s .  Because of t he  la rge  differences i n  
dens i t ies  between these  mater ia ls  and the  remaining a l loys ,  they a r e  a l so  
shown (as so l id  l i n e s )  after an adjustment t o  the  average densi ty  of t he  
other  a l loys  i s  made. 
60,000 p s i ,  the  f e r r i t i c  s t e e l  and the  t i tanium a l loy  are about equivalent 
i n  strength and o f f e r  a 400' t o  500' F temperature advantage over t h e  
aluminum a l loys .  They are a l s o  somewhat superior t o  the  simple 18-8 
aus ten i t ic  s t e e l s .  The u t i l i z a t i o n  of the  t i tanium a l loys  poses several  
problems and the  a l loy  shown (da ta  from r e f .  7 )  i s  i n  i t s  very ea r ly  
stages of development. Also shown i s  an aus t en i t i c  s t e e l  t h a t  derives 
i t s  strength by being work-hardened i n  an operation known as hot-cold 
working or warm working. For t h e  same stress leve ls ,  t h i s  a l loy  permits 
operating temperatures i n  the  neighborhood of 1200° F o r  about 150' F 
over the f e r r i t i c  s t e e l  and the  t i tanium a l loy .  This work-hardenable 
a l l o y  i s  now the  most widely used turbine-rim mater ia l .  A more recent 
a l l o y  and one which i s  very promising, although it has only a s l i g h t  
temperature advantage, i s  t h e  hea t - t rea tab le  aus t en i t i c .  A s  the  name 
implies, t h i s  again i s  an aus t en i t i c  s t e e l ,  but one t h a t  derives i t s  
s t rength from heat treatment.  The f i n a l  a l loy  shown on the  f igu re  i s  
Inconel X .  This i s  a nickel-base, hea t - t rea tab le  a l loy .  With t h i s  a l loy,  
temperatures i n  the  neighborhood of 1400' F could be a t t a ined  a t  s i m i l a r  
s t r e s s  l eve l s .  

For stresses i n  the  neighborhood of 40,000 t o  

Thus it can be seen t h a t  with regard t o  s t rength  there  ex i s t s  a wide 
choice of materials which w i l l  keep the  compressor and turbine disk from 
l imi t ing  jet-engine operating temperatures. For some of t he  mater ia ls ,  
however, there  i s  very l i t t l e  operational experience; as experience i s  
accumulated, d i f f i c u l t i e s  not previously considered may be revealed and 
may necessi ta te  addi t ional  developmental work on the  a l loys .  

One such property receiving increased a t t e n t i o n  i s  t h a t  of long-time 
notch s e n s i t i v i t y  ( r e f .  8 ) .  An example of t h i s  i s  shown I n  f igure  1 4 .  
On the f igu re  is  p lo t ted  the  s t ress-rupture  l i f e  i n  hours f o r  t he  a l loy  
17-22A(S) i n  both the  notched and unnotched condition. It can be seen 
t h a t  for  short  l i v e s  the notched s t rength exceeds t h a t  of t h e  unnotched 
strength and the  mater ia l  i s  said t o  be notch duc t i l e .  At t h e  longer 
rupture times, because of s t r u c t u r a l  i n s t a b i l i t i e s ,  t h i s  s i t u a t i o n  r e -  
verses  and the  al loy becomes notch-sensit ive.  This notch-sens i t iv i ty  
may develop i n  a much shor te r  t i m e ,  should t h e  a l l o y  be subject  t o  over- 
temperature of t he  type t h a t  could be encountered with a turb ine  wheel 
during a hot s tar t .  It i s  i n  t h i s  notch-sensit ive a rea  that  d i f f i c u l t i e s  
with the fastening may develop. 
longest rupture times t h e  notch d u c t i l i t y  i s  recovered. 

As i s  shown on t h e  f igure ,  a t  t h e  very 

Th i s  discussion of turbine and compressor wheels has attempted t o  
I present t h e  mater ia ls  t h a t  a r e  ava i lab le  r a the r  than  ind ica t e  what mate- 

r ials are t o  be used. As w a s  indicated i n  t h e  discussion of turbine 
blades,  t h e  designer may chose t o  increase t h e  operat ing temperature 
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through the  use of more refractory blade materials.  
would be forced t o  use more temperature-resistant wheel materials or t o  
cool t h e  wheel r i m ,  o r  he might increase operating temperature through 
t h e  use of cooled blades. I n  t h i s  case he m i g h t  a c tua l ly  reduce t h e  r i m  
temperature and he could then reduce the weight of t h e  wheel by allowing 
t h e  r i m  t o  run at  a higher stress level, or perhaps he could go t o  a 
less s t r a t eg ic  or more e a s i l y  fabr icated alloy. 

I n  this case he 

SREET MATERIALS 

I n  considering sheet materials f o r  the j e t  engine, it i s  necessary 

These involve t h e  h o t  p a r t s  of t h e  engine such as combus- 
t o  discuss only those areas of t h e  engine i n  which t h e  sheet problem can 
be c r i t i c a l .  
t i o n  chamber l i n e r  and t r a n s i t i o n  piece, the t a i l  pipe, and the  after- 
burner components. 
stand t h e  oxidation and corrosion conditions of the engine atmosphere. 
This resi,stance is  achieved either by the iyherent oxidation resis tance 
of t h e  sheet a l loy  or by coating with ceramic or metal l ic  coatings - 
par t i cu la r ly  aluminum. N e x t ,  it is  important that the materials with- 
stand t h e  stresses t o  which they are  subjected. Stresses  t o  be con- 
sidered are  t h e  hoop s t r e s ses  caused by d i f f e ren t i a l  pressures, t he  
s t r e s ses  of supporting the  compocents' own weight, and the  thermal stresses. 

cracking the  stresses resu l t ing  from the repeated severe thermal gradients 
ex is t ing  i n  m o s t  hot engine components. Since s t r e s ses  from thermal 
gradients  are very important, sheet materials should also be considered 
as t o  minimizing these gradients and resul tant  s t r e s ses .  This requires  
high thermal conductivity, l o w  coeff ic ient  of thermal expansion, and 
l o w  modulus of e l a s t i c i t y .  Figure 15 ( f r o m  ref.  9)  indicates  t h e  rela- 
t i v e  thermal conductivit ies of some typical  sheet a l loys.  Some of t he  
high-temperature a l loys  a re  qui te  yocr when compared witk low-alloy 
s t e e l s  i n  t h i s  respect .  Because of high thermal conductivity, molybdenum 
a l loys  a r e  very a t t r ac t ive .  
t h a t  is  appreciably less than that of conventional a l loys ,  and molybdenum 
a l loys  are extremely strong a t  high temperatures. 
t i c i t y  i s  about 1.6 t i m e s  t h a t  of conventional a l loys .  Molybdenum a l loys  
a r e  very promising f o r  sheet, but  t h e  coating problem may be very d i f f i -  
c u l t  t o  solve. 

Of f irst  importame i s  that t h e  sheet materials with- 

lvlo,st lniijortarit . - - - - - 7  uaua i iy  l-- 4 ID - +L- ~ U C  a u s L l u J  -%< 1 4 t - r  tc T*mLt>Lstand T & ~ $ ~ c ) * L ~  h i ~ ~ d j n g  a ~ d  

They a l s o  have a coef f ic ien t  of expansion 

The modulus of elas- 

%e I n c o z e l - c l a d  cq?$!er alley, com??icil?_g the s t ra l l gms  C f  t.he I D C C n P 1  
w i t h  t he  thermal conductivity propert ies  o f  copper, i s  very a t t r ac t ive .  
The thermal conductivity of t h i s  material  i s  about 10 t i m e s  t h a t  of 
Inconel. 

The s t rengths  of some current sheet materials a r e  shown on f igure 
1 6  (pr inc ipa l ly  from ref. 10). 
comparable i n  s t rength t o  t h e  wrought alloys except t h a t  some s t rength 

Essentially t h e  sheet materials a r e  
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maybe lost as a result of the very high surface-to-area ratio. 
it is desirable to use alloys that achieve good strength in the SOlUtlOn 
or annealed condition. 
have usually been avoided. 
are observed, going from low-alloy steels to stainless steels to 
precipitation-hardened stainless steels and finally to cobalt-base alloys. 
As indicated previously, where the stresses are primarily thermal, prop- 
erties such as high conductivity along with good strength are more im- 
portant than very high strength alone (ref. 9). 

Also, 

Materials requiring elaborate heat treatments 
As temperature is increased, the usual trends 

SUMMARY 

The materials research for jet engines has as its objective the 
development of materials to permit higher operating temperatures, higher 
operating speed, lower weight, and greater reliability. For the com- 
pressor blades the principal new materials being considered are plastics 
and titanium. 
assortment of materials available, ranging from the lightweight titanium 
to the highly temperature-resistant Inconel X, a material which is also 
being considered for turbine blades. 

For the compressor and turbine disks there is a wide 

Because the turbine blade operates under the more severe stress, 
temperature, and atmospheric environment, it presents the most crucial 
materials problem. As a consequence, many different types of material 
are being considered for this component. These include new nickel- and 
cobalt-base alloys, the refractory molybdenum and chromium alloys, and 
cermets. 

Problems also are anticipated in the high-temperature sheet metal 
parts of the engine. Solutions to these problems are being sought through 
the use of coatings for oxidation resistance and the consideration of 
materials of improved thermal properties to minimize thermal stresses. 

Studies are also underway to reduce the engine weight through the 
use of hollow turbine blades and built-up wheel structures, which in 
addition may be cooled to permit higher operating temperatures. 
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7 .  PIIYSICS OF SOLIDS AND AERONAUTICAL MATERIATS 

By S. L. Simon 
Lewis Flight Propulsion Labor at ory 

In the history of the development of aeronautical materials, two 
features are noteworthy: 
to meet the demands of airplane and engine designers and (2) an almost 
complete absence of a basic understanding of why these materials worked. 
Since it is becoming more and more difficult to find new materials as 
readily as in the past, the basic understanding becomes more and more 
necessary. 

(1) the repeated success in supplying materials 

In aeronautical materials development, it would be desirable to know, 
for example, why materials flow under stress, why they fracture, and why 
working or heat-treating increases strength. Moreover, the materials of 
interest are nearly always alloys of complex composition, structure, and 
shape and are exposed to changing temperatures and stresses. 

The field of solid-state physics is the study of the basic behavior 
of materials end is therefore the eventual source of the general under- 
standing of materials. 
materials of practical interest to materials development are far too 
complicated for direct attack by the physicist. 

However, at present most of the questions and 

Tr; order to m k e  "E.; prngressi the physicist must ask much simpler 
ouestions, use simpler materials, and do simpler experiments. Although, 
at first sight, some of these simplifications have been carried so far 
as to make the experimental situation seem unrealistic, considerable 
advances in the basic knowledge of materials have been obtained in this 
way and much more may be expected. On the other hand, the mass of test 
data which has been accumulated in the course of tke development of 
materials for aircraft has not contributed significantly to our basic 
knowledge, although it has been essential to the practical development. 

The physics of solids work at this laboratory uses the approach, 
the methods, and the simplifications of academic solid-state physics. 
The problems chosen are those whose solutions are expected to contribute 
most to an understanding of the behavior and properties of aeronautical 
materials. Since the field cf physics of solids is relatively new, some 
of its methods and techniques w i l l  be discussed more specifically. 

E e  g j ~ ~ l e s t  m e t - p l l i r  m a t e r i a l  to work with is a low-melting-point 
metal as a single crystal. 
single crystal of an alkali halide. "Sirnplest" in this sense means that 
the atomic structures of these materials are the best understood theo- 
retically. They do, however, contain imperfections whose behavior is 

The simplest nonmetallic material is a 
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not yet completely understood and this behavior constitutes one of the 
main objects of present-day research in solid-state physics. 
single crystals do not have grain structure, it often does not have to 
be taken into account. 

Because 

In addition to the simple materials mentioned, there are occasional 
special materials which lend themselves to basic studies. An excellent 
example is the order-disorder alloy of copper and gold (fig. 1). 
this alloy a continous series of states is possible ranging from one in 
which the copper atoms occupy extremely regular positions in the lattice, 
as on the left side of the figure, to one in which their distribution is 
entirely random, as on the right. Since the electrical resistivity de- 
pends on the state of "order," it is possible, for example, to deform 
or heat a piece of this alloy, thereby changing its state of order, and 
by measurement of the change in electrical resistivity, to gain an idea 
of what has happened to the metal atoms in the process. 

In 

The simplest conditions are those that can be well controlled. In 
most cases this means low temperatures rather than high, synthetic atmos- 
phere or vacuum, and sample shapes of simple geometry. 

The measurements must be simple and conducive to interpretation of 
results. This requirement almost eliminates tensile, hardness, and 
fatigue testing. It does allow tests of isolated mechanical properties 
such as elasticity and plasticity, electrical properties such as con- 
ductivity and Hall effect, and thermal properties such as specific heat 
and heat conductivity. 

A powerful special tool which has recently become available is 
nuclear radiation. Its chief value is that nuclear particles passing 
through a crystal disturb its atoms in a partially predictable way with 
a corresponding change in properties. This change can be compared with 
a similar change caused, for example, by deformation and helps to pin 
down similarities and differences in the basic mechanisms of the two 
types of damage. 

The experimental and theoretical approaches which are used and the 
type of results obtained are extremely varied. 
interest which w i l l  illustrate the approaches and results, (1) the nature 
of work-hardening and (2 )  the effect of surfaces on strength, have there- 
fore been selected for discussion. 

Two topics of current 

One of the most important phenomena in practical metallurgy is work- 
A piece of metal which has been held for a long time at a hardening. 

high temperature is said to be annealed. In this state it is soft and 
its strength is low. If the metal is then deformed by the application 
of sufficient stress, its hardness increases as does its strength. It 
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i s  said t o  be work-hardened. If t h e  deformation i s  car r ied  far enough, 
t he  m e t a l  cracks or  breaks. Work-hardening i s  therefore  important both 
as a bene f i c i a l  f ac to r  i n  strengthening materials, i f  not ca r r i ed  too  
far, and as a detrimental fac tor ,  i f  it i s  car r ied  t o  the  point  of break- 
age. The l a t t e r  sometimes occurs i n  components of a i r c r a f t  i n  use. 

On an atomic scale ,  it i s  known t h a t  deformation of a s ing le  c r y s t a l  
increases t h e  complexity of imperfections already present i n  even t h e  
most per fec t  c r y s t a l  avai lable  and t h a t  it generates more imperfections. 
It i s  known what these individual imperfections are i n  a general  way. 

Figures 2 and 3 show what these  imperfections a re  supposed t o  look 

I n  r ea l i t y ,  an occasional atom i s  
l i k e .  A per fec t  c r y s t a l  l a t t i c e  i s  shown i n  f igu re  2.  The atoms are 
arranged i n  per fec t ly  regular  order.  
missing i n  the  regular  array,  as i n  f igure 3(a) ,  and t h e  missing atom i s  
found a t  posi t ions,  as i n  f i gu re  3(b),  cal led i n t e r s t i t i a l  posi t ions.  
The l a rge r  dots  ( f i g .  3 ( c ) )  which occasionally appear represent im-  
p u r i t i e s  that  are always r'otlnd i r ?  r e a l  m8terials. 
edge dis locat ion,  a more complicated uni t  of imperfection. It may be 
visual ized as having been formed b y  adding an extra row of atoms above 
t h e  dashed l i n e .  More complicated types of dis locat ion a l so  e x i s t  and 
are important. 

Figure 3(d)  shows an 

The exis tence of these imperfections has beeti veil est&liak;ed. 
However, i n  t h e  metal they e x i s t  i n  various combinations and it has not 
been establ ished what these  combinations are o r  how they are formed 
during t h e  work-hardening process. The NACA L e w i s  laboratory (as w e l l  
as many other  labora tor ies )  i s  working on these  questions from several  
angles of a t t ack .  

When a piece of metal i s  worked, a de f in i t e  amount of energy is 
required.  The greater p a r t  of t he  energy goes t o  form heat,  which i s  
d iss ipa ted  during working, but  some remains i n  the  m e t a l  as energy of 
formation of the imperfections and groups of imperfections. The amount 
of energy thus s tored i s  of great importance f o r  an understanding of what 
i s  going on. 
per fec t ions  can be estimated from e l e c t r i c a l  measurements. Consequently, 
combining t h e  r e s u l t s  of t he  energy and e l e c t r i c a l  measurements can give 
an idea of t h e  energy of formation of an imperfection, a number of great 
value i n  deducing what the  imperfection is. 

For example, as will be shown later, t h e  number of i m -  

One experiment w a s  done by twist ing a rod of annealed copper i n  a 
t o r s i o n  t e s t i n g  machine u n t i l  it contained t h e  desired mount of work- 
hardening (about 10 complete tu rns ) .  
heated i n  a vacuum calorimeter i n  such a manner t h a t  a constant amount 
of hea t  energy was  added t o  it per un i t  time. 
rose  with t i m e ,  and t h e  rate a t  which it  rose was measured. 

The rod was  then e l e c t r i c a l l y  

The temperature therefore  
Figure 4 
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shows an ideal ized curve f o r  t h i s  process i n  which energy re lease  a t  two 
temperatures i s  i l l u s t r a t e d .  
sample, and the  abscissa i s  t h e  amount of heat which had been added a t  
t h e  time t h e  temperature shown on the  curve w a s  reached. 
men, t h e  temperature r i s e s  smoothly u n t i l  
it increases rapidly then l eve l s  off u n t i l  T2 i s  reached. Another 
rapid r i se  occurs here, and again t h e  curve l eve l s  off and r i s e s  smoothly. 
After the  maximum temperature has been reached, the  sample i s  allowed t o  
cool and t h e  experiment i s  repeated. This time the  curve f o r  temperature 
against  time i s  the  so l id  curve, which l i es  below t h a t  f o r  t h e  f i r s t  run. 
The difference between the  two curves i s ,  of course, due t o  t h e  s tored  
energy i n  t he  worked sample which was  emitted i n  the  f i r s t  run. 
difference i s  s m a l l ,  many precautions against  heat leakage and other  
sources of  e r ro r  must be taken. 

The ordinate  i s  the  temperature of t h e  

For t h i s  speci-  
T1 i s  reached, a t  which point  

A s  t he  

The energy emitted as a function of t he  temperature of t h e  sample 
f o r  a t yp ica l  experiment i s  shown i n  f igu re  5. Three runs were made on 
each sample, t h e  las t  two, of course, being on annealed material. The 
difference between t h e  heat supplied i n  t h e  t h i r d  and second runs i s  
shown by t h e  squares on the  curve and ind ica tes  the reproducib i l i ty  
of t h i s  type of determination, about 10 percent.  
t he  t h i r d  and f irst  runs i s  shown by t h e  c i r c l e s  and i s  therefore  the  
stored energy released as a funct ion of temperature. 

The difference between 

The following t ab le  shows the  numerical r e s u l t s  obtained f o r  t h ree  
samples containing d i f f e ren t  amounts of work-hardening: 

The symbol W is t h e  

E, 
c a u g  

0.23 
.28 
.41 

E/W 

0.028 
.030 
.034 

amount of mechanical energy which w a s  exerted i n  
working the  sample, and E i s  the  t o t a l  amount of s tored energy obtained 
i n  the experiment. I n  a l l  t h ree  cases, E/W, t h e  f r a c t i o n  of t h e  energy 
which w a s  stored, i s  surpr i s ing ly  small, considering t h e  seve r i ty  of t h e  
deformations. Comparison of t he  th ree  samples, however, ind ica tes  t h a t  
the  amount of s tored energy i s  s t i l l  increasing slowly with working and 
has no t  yet  reached a sa tura t ion  poin t .  

When t h i s  type of experiment w a s  performed with a fa t igued  specimen, 
an  unexpected and in t e re s t ing  r e s u l t  w a s  obtained, as shown i n  f i g u r e  6. 
When the fatigued specimen w a s  heated i n  t h e  calorimeter,  energy w a s  
absorbed ra ther  thanemi t ted  as f o r  t h e  cold-worked specimen. 
behavior w a s  found f o r  th ree  samples, SO t h a t  it i s  wel l  es tabl ished.  

This 
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It may, of course, be reversed at  higher temperatures than  w e r e  reached 
i n  t h i s  experiment. The over-al l  energy emitted may therefore  be posi-  
t i ve ,  but  t h i s  could not be invest igated because t h e  maximum temperature 
a t t a inab le  w a s  l imited by t h e  apparatus. 
peated with t i n  whose melting point i s  lower than t h e  temperature l i m i t .  

The experiment is  being re- 

It i s  a l s o  possible  t o  a t t ack  the problem of work-hardening by a 
study of t he  e l e c t r i c a l  propert ies  of work-hardened metals. I n  order t o  
explain the  appl icat ion of e l e c t r i c a l  properties,  it will be necessary t o  
discuss b r i e f l y t h e  electronic  s t ruc tu re  of a m e t a l .  The electrons i n  a 
m e t a l  behave as i f  they were almost free, that is ,  not associated with any 
pa r t i cu la r  atom. However, t he  pos i t ive  ions which comprise t h e  rest of 
the  s t ruc tu re  are arranged i n  a regular l a t t i c e ,  and t h e  e l e c t r o s t a t i c  
f i e l d  i n  which the  electrons ex i s t  changes from ion t o  ion. T h i s  has the  
e f f e c t  t h a t  t h e  electrons p re fe ren t i a l ly  ex is t  i n  ce r t a in  energy l eve l s  
and a l s o  are p re fe ren t i a l ly  found i n  cer ta in  regions around t h e  ions.  

If an external  f i e l d  i s  applied t o  the metal, some of t h e  electrons 
d r i f t  i n  t h e  d i rec t ion  of t h e  f i e l d  and a current i s  thereby set up. Its 
magnitude depends on two fac to r s :  (1) the number and energy states of 
t he  electrons and ( 2 )  t he  number and magnitude of the  s p a t i a l  f luc tua t ions  
i n  t h e  e l e c t r o s t a t i c  f i e l d ,  which in t e r f e re  with t h e  moving electrons.  
The number of e lectrons i s  cna rac i e r i s t i c  of the  -,et21 chscen. The nim- 
ber  and magnitude of t he  f luc tua t ions  and the  energy d i s t r ibu t ion  of t he  
electrons depend on several  fac tors :  t h e  metal, i t s  c r y s t a l  s t ruc ture ,  
and t h e  number and magnitude of i r r egu la r i t i e s  i n  t h e  s t ruc ture .  
l as t  two f a c t o r s  make it possible  t o  use e l e c t r i c a l  methods t o  study 
work-hardening, because t h e  imperfections introduced by cold work pro- 
vide such i r r e g u l a r i t i e s  i n  the  s t ruc ture .  If t h e  same m e t a l  i s  worked 
or damaged in d i f f e ren t  ways, t he  interference with the e lec t ron  motion 
due t o  t h e  bas ic  l a t t i c e  i tself  does not change. 
t h e  number, s ize ,  and state of aggregation of t he  imperfections and the  
d i s t r i b u t i o n  of t h e  electrons among t h e  various energy states. 

The 

What does change are 

Measurement of the e l e c t r i c a l  conductivity, therefore ,  gives infor-  
mation about t h e  imperfections but i s  complicated by changes i n  e lec t ron  
states. 
cf the imperfections. If a current is  sent through a conductor i n  t h e  
d i r ec t ion  indicated i n  figure 7 and a galvanometer i s  connected across 
poin ts  A and On the  cundlictrl-, EG def l ec t ioz  ef the p l v a n o m e t e r  occurs. 
This shows t h a t  t h e  po ten t i a l  a t  A and B i s  equal. 
i s  appl ied perpendicular t o  t h e  direct ion of t he  current,  t h e  galvanometer 
de f l ec t s  and can be brought back t o  zero only by s h i f t i n g  t h e  pos i t ion  of 
A o r  B. 

The H a l l  e f fect  permits these  states t o  be studied independent 

If a magnetic f i e l d  

On t h e  atomic scale ,  an approximate descr ipt ion of t h i s  e f f e c t  i s  
t h a t  t he  pa ths  of t h e  moving electrons which give r ise t o  t h e  current are 
curved by t h e  magnetic f ie ld ;  consequently, the  l i n e  of equal po ten t i a l  
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across the conductor rotates. The amount of rotation depends only on 
the number of free or higher energy electrons, not on the other quantities 
which complicate the interpretation of conductivity measurements. 

Consequently, by measuring both the conductivity and the Hall effect 
it is possible to eliminate the effects due to the electrons and isolate 
those due to the imperfections. 

Measurements of the magnetoresistivity and of the thermoelectric 
power when combined with measurements of resistivity also give infor- 
mation about the distribution and energy states of the electrons in the 
metal. 
when a conductor carrying current is placed in a magnetic field, while 
thermoelectric power is the change in potential, per unit rise in tem- 
perature, between two pieces of metal which are placed in contact. 

The magnetoresistivity is the change in resistivity which occurs 

The four electrical effects described as well as others have been 
used to investigate the nature of work-hardening. The Hall effect has 
been measured on copper strips which were cold worked by rolling to a 
maximum of 75-percent reduction. 
increased by about 1 percent as a result of this amount of cold work, a 
rather small increase and, unfortunately, less than the probably error. 
If this value is accepted, however, it indicates, according to the pre- 
vious discussion, that the cold work has decreased the number of free 
electrons by about 1 percent. If this result is combined with the re- 
sistivity measurements, it can be deduced that a decrease in average 
distance between imperfections of 1 or 2 percent has occurred an8 there- 
fore an increase in their number. 

The Hall coefficient was found to have 

Measurements of the resistivity and magnetoresistivity have also 
been made on gold-copper alloy. This is an alloy which, as previously 
mentioned, exists in states ranging from complete order to complete 
disorder. The electrical resistivity of the alloy changes with degree 
of order since the irregular disordered state produces larger potential 
fluctuations to interfere with the motion of the electrons. The process 
of ordering also changes the distribution of energy states for the 
electrons, which causes changes in the Hall effect and in the magneto- 
resistivity. The changes in these quantities primarily due to simple 
interchange of atoms in the lattice can therefore be studied. 

Various degrees of order were obtained by heating wires of the alloy 
At the high near their melting point, then quenching them in cold water. 

temperature used, the equilibrium state is almost complete disorder; the 
'quench has the effect of freezing this disorder into place because, al- 
though at room temperature the equilibrium state is ordered, diffusion is 
so slow that order cannot be established. The desired degree of order 
was then obtained by heating the wire to an intermediate temperature and 
requenching. Wires were also disordered by mechanical deformation. 
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The r e s u l t s  of t h i s  work indicated tha t  d i f f e ren t  types of disorder  
The arise from thermal disordering and from mechanical disordering. 

e lec t ron  s t a t e s  corresponding t o  the  two methods of disordering are 
a l s o  d i f fe ren t .  

I n  other work a t  t h i s  laboratory aimed towards an understanding of 
work-hardening, t h e  possible  existence and t h e  configuration of work- 
hardened regions i n  a fatigued specimen have been investigated.  This 
work was based on a theo re t i ca l  analysis  which indicated how t h e  re- 
s i s t i v i t y  of a bar composed of d i s t i n c t  grains of two pure metals, as 
shown i n  f igure  8, should depend on the  proportion and configuration 
of t he  grains.  The possible  work-hardened regions of t he  fat igued metal 
were considered as a second metal and it w a s  deduced from r e s i s t i v i t y  
measurements a t  low temperature t h a t  (1) the regions were e i the r  very 
s m a l l  (about 1000 A or  l e s s )  o r  t h a t  they may be l a rge r  but only i n  t h e  
d i rec t ion  perpendicular t o  t h e  axis of the specimen, ( 2 )  t h a t  the regions 
a r e  d e f i n i t e l y  not spherical  p a r t i c l e s  larger  than 1000 A, and (3) t h e  
f r ac t ion  of disordered material must  be small, less than 0.5 percent.  
The las t  r e s u l t  a l s o  p a r t i a l l y  agrees with t h e  calorimetric work, t h a t  
i s ,  any pos i t ive  s tored energy i s  too small t o  be found calor imetr ical ly ,  
but t he  negative value found i n  the  calorimetric work remains a mystery. 

0 

0 

The second major topic  which will be discussed i s  t h e  work a t  t h i s  
laboratory on t h e  e f f e c t  of surface composition and configuration on t h e  
mechanical propert ies  of mater ia ls .  From t h e  engineering point  of view, 
it i s  known t h a t  surface condition i s  very important i n  determining 
creep rate, creep-rupture strength,  and fa t igue  s t rength.  If cracks o r  
other  s t r e s s  concentrators ex i s t ,  they must  be sources of weakness f o r  
t h e  material. 

From t h e  atomic point  of view, the  atoms on t h e  surface should 
behave qu i t e  d i f f e ren t ly  from those i n  the i n t e r i o r ,  because t h e  forces  
on them are not compensated as they are i n  t h e  i n t e r i o r .  Figure 9 shows 
t h e  contract ion i n  t h e  l a t t i c e  which must occur. This contraction gives 
r ise t o  a surface tension which i s  not obvious i n  a so l id  as i n  a l i q u i d  
because t h e  so l id  i s  more r i g i d  but,  nevertheless, of great importance. 

One of t he  questions of i n t e r e s t  was whether an i n t r i n s i c  crack 

This question w a s  investigated by a technique which 
s t ruc tu re  existed on tile scii-face sf 8 r r y s t . a l  because of t h e  contract ion 
i n  t h e  surface.  
depends on t h e  f a c t  t h a t  s i l v e r  evaporated i n  a vacuum and deposited on 
a nonmetallic surface tends t o  agglomerate i n t o  deposi ts  along i r regu-  
lar i t ies  i n  t h e  surface.  The experiment consisted of deposit ing s i l v e r  
on t h e  surface of a s ing le  c rys t a l  of  sodium chloride which had been 
annealed and then water polished, t h a t  is ,  t h e  surface layer  removed by 
solut ion.  No agglomerates were seen under the  microscope. However, 
when such a c r y s t a l  had aged f o r  a f e w  days before it was coated, a 
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great many l i n e s  a t  a la rge  va r i e ty  of angles appeared ( f i g .  IO). 
number of l i n e s  appeared t o  grow with time of aging, and an ana lys i s  of 
the r a t e  of growth indicated t h a t  the  atomic process involved i s  bas ica l -  
l y t h e  diffusion of t h e  sodium and chlorine atoms i n  the  surface.  This 
i s  evidence t h a t  t he  "cracks" or f a u l t s  which a r e  delineated by the  l i n e s  
of s i l v e r  are an i n t r i n s i c  and atomic phenomenon. 

Tine 

The angles which t h e  f a u l t s  made with a face of t he  sodium chloride 
cube were measured, and t h e  number of f a u l t s  making a given angle with a 
cube f a c e  was p lo t t ed  against  the  angle. The r e s u l t  i s  shown i n  f igu re  
11 as the  so l id  l i n e .  The dotted l i n e  t h a t  i s  a l s o  p lo t t ed  shows t h e  
atom densi ty  as a funct ion of angle, t h a t  i s ,  t h e  number of atoms per  
uni t  dis tance which would be seen i f  t he  l a t t i c e  were viewed along a 
l i n e  a t  the  given angle ( f i g .  1 2 ) .  A l l  t h a t  can be sa id  a t  present i s  
tha t  t h e  cor re la t ion  i s  too good t o  be overlooked but  t h a t  atom densi ty  
i s  not the  only f ac to r  which determines the  d i rec t ion  of f a u l t s .  

The e f f e c t  of surface composition has a l s o  been invest igated by 
studying the  creep ra te  of zinc s ingle  c rys t a l s  with and without surface 
layers  of oxide. Creep s tudies  of t h i s  type a r e  complicated by a lack 
of reproducibi l i ty  which i s  very d i f f i c u l t  t o  e l iminate .  Figure 13 i s  
the  percentage elongation against  time f o r  sect ions of t he  same s ingle  
c rys t a l  with and without an oxide layer .  The lower elongation of t he  
oxide-coated specimen indica tes  t he  strengthening e f f e c t  of the  oxide 
layer .  
too s m a l l  f o r  chemical ana lys i s .  It w a s  measured by means of e lec t ron  
d i f f r ac t ion  from t h e  surface.  Studies were made of t he  e f f e c t  of i n -  
creasing the  load, of pre-elongation of t h e  c rys t a l ,  of su l f ide  r a the r  
than oxide, and of t he  e f f ec t  of suddenly removing the  surface layer  
with acid.  This last  i s  a dramatic demonstration of t h e  importance of 
t h e  surface layer  ( f i g .  1 4 ) .  
slowly u n t i l  hydrochloric ac id  i s  added. A sudden increase i n  creep 
r a t e  then occurs. 
against-time curve would have followed t h e  dot ted curve. 

The layer  i n  t h i s  case i s  about 1000 atoms th ick ,  which i s  much 

A c r y s t a l  with a su l f ide  layer  creeps 

If t h e  ac id  had not been added, t he  elongation- 

The resu l t s  of t he  work were compatible with t h e  explanation t h a t  
t he  surface layer  a t  f irst  ac tua l ly  helps  t o  support t h e  load even i n  
t h e  small thickness which i s  present  and t h a t  it eventually breaks. 
heat of react ion of t h e  layer  with t h e  ac id  before t h e  break occurs ac- 
counts f o r  t h e  sudden jump i n  elongation shown i n  f igu re  14.  

The 

Although a t  f i rs t  s ight  both p a r t s  of t h i s  explanation seem i m -  
q l aus ib l e  because of t he  extreme thinness  of t h e  surface layer ,  a c loser  
examination makes them seem more reasonable. 
su l f ide  layer  is  very th in ,  t h e  number of imperfections it contains i s  
a l s o  very low and it should have a s t r eng th  approaching t h e  very high 
theore t ica l  s t rength of a per fec t  c r y s t a l .  This would be la rge  enough 
t o  account f o r  t he  decrease i n  elongation. 

Because t h e  oxide or 
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A s imi la r  argument holds f o r  t he  e f f ec t  of t he  acid.  Though t h e  
t o t a l  amount of heat  released i s  small, it i s  released i n  a very t h i n  
layer  of the c rys t a l ,  whose temperature is therefore  instantaneously 
very high, and t h e  instantaneous increase i n  elongation occurs. 

The l a s t  experiment which i s  discussed i s  only i n  its beginning 
stages but i l l u s t r a t e s  t h e  in t e r r e l a t ions  between various topics ,  i n  
t h i s  case work-hardening and the  surface.  
the  well-known skin e f fec t .  
which a low-frequency a l te rna t ing  voltage i s  applied t r ave l s  through 
the  conductor uniformly, t h a t  is, t h e  current per uni t  cross sec t ion  i n  
the  center  of the  sample i s  the  same as it is per un i t  cross sec t ion  
near the  surface.  If the  frequency i s  increased, the  current begins t o  
decrease a t  the  center  and t o  increase near t h e  surface.  
of microwaves, say 8500 t o  12,000 megacycles, t he  current flow is  con- 
f ined t o  a layer  3~10'~ centimeters t h i ck  i n  copper. 
work, i n  which the resis tance of a work-hardened copper bar  t o  a micro- 
wave frequency current  was compared with the direct-current  res is tance,  
ind ica tes  that this  t h i n  layer  contains four t i m e s  as much work- 
hardening per  un i t  volume as  the  remaining material. 

The experiment i s  based on 
The current carr ied by a conductor across 

A t  the  frequency 

The preliminary 

The information obtained thus fa r  i n  the  physics of so l ids  work 
has contributed much more t o  the  understatidfng of mter i~ ls  than it has 
t o  ac tua l  improvements of t h e m .  
begin t o  a f f e c t  t h e  p rac t i ca l  developments. 

However, the next f e w  years should 
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